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Abstract
Scientific and technological developments have the potential to affect every part of society. This
is particularly the case with rechargeable batteries, which play a significant role in the daily lives of
most people. Lithium batteries have helped to make wearable and portable electronics, electric
vehicles, and stationary energy storage possible. Furthermore, they allow the prompt exchange of
information without the limitations (such as blackouts) inherent to distributed electricity supply
systems (i.e., national power grids). From the perspective of environmental protection, these
batteries enable the exploitation of intermittent clean, renewable energy sources such as solar, wind,
tides, and terrestrial heat, thus allowing the use of fossil fuels to be reduced, cutting environmental
contamination, and restricting pollution and waste production to controlled regions or levels.
Nevertheless, the limited energy density of electrode materials, complicated preparation methods,
and unsatisfactory cycle life in current lithium batteries have prevented them from being used in
large-scale industries. Therefore, searching for novel electrode materials and innovative battery
systems has attracted abundant research interest towards developing advanced energy storage
technology during the past several decades.
In terms of the electrodes in lithium ion batteries, although carbonaceous materials offer suitable
voltage windows, long term cycling performance, and stable rate capability, their inferior theoretical
capacity may still make them incapable of meeting the large demands of high-energy-density
applications. As potential candidates, germanium (Ge)-based materials and transition metal oxides
are highly promising anode candidates due to their large specific capacities and remarkable rate
capabilities. Nevertheless, their high price, low charge transfer kinetics, and unstable structure after
cycling are limiting their further practical application. Engineering electrode materials on the
nanoscale level with multi-functionalization will, therefore, address these problems, which has been
widely recognized in other energy conversion fields (e.g. catalysts). This doctoral work will mainly
focus on the rational design and controllable synthesis of anode materials by engineering their
microstructures, as well as on their intriguing properties for energy storage applications. The main
challenges and perspectives on anode materials modified by nanoscale engineering are also
discussed.
For Ge-based materials, a hierarchical micro-nanostructured Ge-C framework has been achieved
by a facile and scalable structural engineering strategy through controlling the nucleation, with the
products featuring high tap density, reduced Ge content, superb structural stability, and a threedimensional conductive network. The constructed architecture has demonstrated an outstanding
reversible capacity of 1541.1 mAh g−1 after 3000 cycles at 1000 mA g−1 (with 99. 6% capacity
retention), markedly exceeding all the reported Ge-C electrodes regarding long cycling stability.
Additionally, for transition metal oxides, the strategy of tailoring of the atomic structure has been
introduced into layered potassium niobate by dehydration-triggered lattice rearrangement. The
engineered potassium niobate shows enhanced electrical and ionic conductivity, which could be
attributed to the enlarged interlamellar spacing and subtle distortions in the fine atomic
arrangements.
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Due to the uneven global distribution of lithium and shortages of its reserves (20 ppm in the
Earth’s crust, with most being restricted to South America, Australia, China, and the USA), the
alkali metal counterparts of lithium, such as potassium, have attracted more attention, because their
batteries can share a similar “rocking-chair” mechanism with lithium. An important challenge facing
high-performance potassium ion batteries is identifying advanced electrode materials that can store
the large-radius K+ ions, as well as tailoring the various thermodynamic parameters. Taking
potassium niobate as an example, a careful study of its composition, atomic structure, and
performance has been achieved. The X-ray absorption fine structure spectroscopy and electron
paramagnetic resonance results reveal that the interatomic distances for the Nb-O coordination in
the engineered potassium niobate are slightly elongated, and their degree of disorder has been
considerably increased. Its electrochemical performance further demonstrates that the diffusion
coefficient of K+ is one order of magnitude higher than that of Li+, and the engineered potassium
niobate presents superior specific capacity and rate capability for K + ions compared to Li+ ions.
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Figure 4.7 Characterization of the series of GCF materials. A) XRD curves; a.u.: arbitrary units.
B) Raman spectra. The peaks at 299 cm‒1 correspond to the GeNPs. The sharp peaks at 1332 cm‒
1

and 1590 cm‒1 can be assigned to the D and G bands of carbon, respectively, while the peak

located at ~2650 cm‒1 in GCF-1050 is assigned to the two-dimensional (2D) band caused by
second-order zone boundary phonons. Inset: the integral area ratios of the D band to the G band.
C) XPS spectra of the Ge 3d peaks. The peak located at 33.5 eV refers to the Ge-O bonding energy
in partial oxidation of Ge surface, while the gradually decreasing binding energy of Ge-Ge bonds
indicates a difference in the surface electronic state. (D) TGA data. Assuming complete
combustion of the carbon layer and conversion from Ge to GeO 2. GCF-500 shows a weight loss
from about 400 °C that continues up to 600 °C, indicating the decomposition of amorphous carbon.
The following visible weight loss platform observed from 620 °C to 800 °C is mainly attributed to
the decay rate balance between Ge oxidation and carbon combustion. After that, the third stage
weight loss that starts above 800 °C and finishes at ~ 850 °C can be ascribed to the reaction of
residual graphitic carbon. The slightly higher decomposition temperature in TGA curves for GCF800 (around 550°C) and GCF-1050 (around 620°C) is possibly due to the higher content of
graphitic carbon, which is more temperature-resistant than amorphous carbon. (E) Tap densities.
Each vial contains 0.1 g of tightly packed powders.
Figure 4.8 Morphology and structure evaluation of the outer carbon layer of GCF materials.
Representative HRTEM images: A) GCF-500, B) GCF-800, and C) GCF-1050. The varied carbon
structures indicate that a successful transformation from disordered phase to the ordered structure
can be achieved by increasing the temperature. XPS C 1s spectra of the carbon shells: D) GCF500, E) GCF-800, and F) GCF-1050. The black dots combined with red, green, and blue dots in
D, E, and F, corresponding to the experimental and fitted results for the C 1s spectra, respectively.
The red, green, purple and orange lines in each image separately represent the four fitted
components of the corresponding C 1s spectrum. The different integral areas of C=C/C-C in those
samples demonstrate the transformation of carbon hybridization from amorphous sp3 to graphitic
sp2, as previously discussed.
Figure 4.9 Thermogravimetric analysis of GCF samples and carbonous materials under air
atmosphere. A) Assuming the complete combustion of the carbon layer and the conversion
reaction of Ge to GeO2, the content of Ge in the GCF materials can be determined based on the
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equation presented in A. B) XRD pattern of the final resultant product after TGA evaluation, which
is very well indexed to GeO2 with PDF number #36-1463 from the JCPDS database. TGA curves
of: C) graphite and D) Super P from 50 °C to 1000 °C in air for comparison.
Figure 4.10 Electrochemical characterization of GCF anodes. A) Cyclic voltammetry (CV)
profiles of GCF-500 corresponding to the selected cycles at a scan rate of 0.1 mV S‒1. B) Voltagecapacity profiles for the GCF-500 plotted for the 1st, 2nd, and 50th cycles at a current density of
100 mA g‒1. C) Electrochemical cycling performance acquired under a current density of 100 mA
g‒1. The coulombic efficiency is only plotted for GCF-500. D) Rate capabilities of GCF-500,
GCF-800, and GCF-1050 anodes. E) Cycling stability over ultra-long 3 000 galvanostatic cycles
of the GCF-500 anode. GCF-800, GCF-1050, commercial Ge, and commercial GeO 2 are also
tested under identical conditions. The coulombic efficiency is collected here for GCF-500 only.
The rate was activated under 200 mA g‒1 for the first ten cycles and conducted at 1 000 mA g‒1 for
the later thousands of cycles. Typical SEM images of the proposed structures after 200 cycles: (F)
GCF-500, (G) GCF-800, and (H) GCF-1050. Inset images: the typical structures acquired before
cycling.
Figure 4.11 CV profiles at the scan rate of 0.1 mV s−1. CV curves of (A) GCF-800 and (B) GCF1050 electrodes for selected cycles in the voltage range of 0.01–1.5 V with Li metal as a counter
electrode.
Figure 4.12 Galvanostatic charge-discharge curves. Voltage profiles of A) GCF-800 and B) GCF1050 electrodes at the 1st, 2nd, and 50th cycles under an identical current density of 100 mA g −1.
Figure 4.13 Comparison of rate performance in commercial products. Rate capabilities of
commercial nanoscale Ge and commercial GeO2 electrodes were acquired under various current
densities for Li storage.
Figure 4.14 Voltage profiles at different current densities (0.1-20 A g–1). A) GCF-500 electrode.
B) GCF-800 electrode. C) GCF-1050 electrode. D) Histogram comparing the capacities under
different current densities for Li storage. All data were collected in the range of 0.01-1.5V vs.
Li/Li+.
Figure 4.15 Voltage profiles of commercial Ge electrodes for selected cycles at a high specific
current. Galvanostatic charge-discharge curves of A) commercial Ge electrode and (B)
commercial GeO2 electrode at the current density of 1000 mA g−1.
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Figure 4.16 The cycle performance of pure graphite in half-cell under the current density of 1000
mA g-1.
Figure 4.17 Comparison of capacity retention of different electrodes. Coulombic efficiency
profiles of GCF-500, GCF-800, GCF-1050, commercial-Ge, and commercial-GeO2 electrodes
were collected at the identical current density of 1000 mA g−1. These results indicate that all the
GCF electrodes hold perfect capacity retentions in half-cell even after thousands of cycles
compared to commercial Ge products.
Figure 4.18 Comparisons of Ge-based anode materials in LIBs. Comparisons of Ge contents in
published composites. The contents of the composites in those electrodes were obtained from the
TGA results or data shown in the references, which are mainly from Table 4.2. All the composite
anodes for comparison were selected from recent battery studies of Ge-based composites:
nanoporous Ge nanowire (NW), Ge nanowire, Ge@CC, Ge films, rGO/Ge/rGO, Ge particles,
Ge/C, Sn seed/Ge NW, 3D-Ge/C, C-Ge-C, Ge/RGO/C, Ge@N doped Graphene/NGF, Ge NPs@N
doped C, Ge@C/RGO, Ge@CNFs/3D Graphene, and Ge/N doped C.
Figure 4.19 Structural evaluation of commercial Ge materials before and after electrochemical
testing. Representative SEM images of A) commercial Ge nanoparticle electrode. (B) Commercial
GeO2 nanoparticle electrode. C) After 200 continuous cycles of commercial Ge. (D) After 200
cycles of commercial GeO2. As we can see from the after-cycling images, the commercial products
tend to aggregate and crack during Li plating and stripping, leading to inferior electrochemical
performance. Therefore, the bare Ge/GeO2 without a protective carbon layer is not suitable for
practical utilization of LIBs.
Figure 4.20 Electrochemical kinetic analysis of lithium storage behaviour of GCF anodes. GITT
measurements were conducted between 0.01 V and 1.5 V vs. lithium to determine the diffusion
coefficient and reaction resistance parameters. The reaction resistances during charge and
discharge processes are obtained by evaluating the overpotential values, defined as the voltage
drop between the end of the relaxation step and the start of the pulse step. A) Potential response
curves with normalized specific capacity. The normalized capacity is based on the 3rd cycle
discharge capacity of GCF-500. B) and C) Li+ ion diffusion coefficients and reaction resistances
calculated from the GITT potential profiles as a function of depth of discharge (DOD). D) Li+ ion
diffusion coefficients and E) reaction resistances as a function of state of charge (SOC). F) Nyquist
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plots of different electrodes at open circuit voltage. Inset curve: magnification plots in the range
from 0 to 200 Ohm, with the lower left inset showing an enlargement of the high-frequency region.
The upper right inset is the fitted circuit diagram. G) Comparison of GCF electrodes with critical
parameters.
Figure 4.21 GITT titration profiles. A) Time vs. voltage profile of GCF-500 for a single GITT
titration. The current pulses last about 30 min, followed by five hours of relaxation time to reach
the steady state. The ionic diffusion coefﬁcient in GCF electrodes can be determined by solving
Fick’s second law with Equation (1) in Materials and Methods. B) Linear behaviour of the E vs.
τ1/2 relationship. The coefficient of determination (R2) value was calculated from the linear fitted
data. If the cell voltage is linearly proportional to τ 1/2, Equation 4.1 can be further simpliﬁed to
Equation 4.2. Then the approximate diffusion coefficients will be calculated and obtained by using
Equation 4.2.
Figure 4.22 EIS analysis of the GCF-500, GCF-800, and GCF-1050. They were collected from
100 kHz to 1Hz. Rs represents the Ohmic resistance. RSEI represents the resistance of the solidelectrolyte interface layer. RCT stands for the charge transfer resistance. Fitting values were
obtained from the circuit diagram shown in Figure 4.20F.
Figure 4.23 Full cell performance of GCF-500. Lithium-ion full-cell electrochemical performance
of GCF-500. (A) Charge-discharge curves for the first 3 cycles of the full cell under the current
density of 100 mA g‒1. (B) Long-term cycling performance at 2000 mA g‒1 for the full-cell. The
cell capacity was calculated based on the weight of anode material only. This outstanding
performance of the full-cell indicates that LFP‖GCF-500 can serve as a promising cell for practical
application. (C) Schematic illustration of LiFePO4‖GCF-500 full-cell configuration. (D)
Comparisons of recent reported Ge materials in lithium-ion batteries, the specific capacities were
based on Table 4.2. The red stars indicate the excellent electrochemical performance of the
synthesised GCF-500, not only for the first 1000 cycles but also for 3000 continuous cycles.
Figure 4.24 Electrochemical performance of LFP as a cathode in half-cell LIBs. (A) Voltage
profiles for selected cycles vs. Li for LFP cathode in the range from 2.5 V to 4.0 V. The current
density is 0.5 C, with 1 C referring to 171 mA g−1. (B) Cycling performance of LFP under the
current density of 0.5 C. The stable cyclability makes LFP as the most promising cathode material
for the full cell configuration with GCF-500.
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Figure 4.25 Electrochemical performance of full-cell LIB. Charge capacity performance of
LFP//GCF-500 under the current density of 100 mA g‒1. The voltage range is from 1.5 V to 3.7 V.
The specific capacity was based on the anode composite only.
Figure 5.1 Structure and morphology evolution of pristine KNO nanosheets. a)-b) XRD patterns
and c) Raman spectra of KNO obtained under different hydrothermal reaction times from 4 hours
to 24 hours at 200 °C. Representative scanning electron microscope (SEM) images of the KNO
nanosheets collected at 200 °C after d) 4 h, e) 8 h, f) 12 h, g) 16 h, h) 20 h, and i) 24 h.
Figure 5.2 a) XRD pattern of defective KNO and KNO. b) Raman shift of the defective KNO and
KNO samples. c) EPR spectrum of the defective KNO and KNO. d) Nb 3d spectrum of the
defective KNO and KNO obtained from the XPS.
Figure 5.3 Survey of the XPS spectrum. a) KNO/350. b) KNO. O 1s spectrum of c) the defective
KNO and d) KNO obtained from the XPS.
Figure 5.4 Morphology understand of defective KNO and pure KNO samples. a) Typical SEM
image of pure KNO. b) Representative SEM image of defective KNO. c) TEM image of pure
KNO. d) TEM image of defective KNO with different magnification. e) The HAADF-STEM
image of d. f)-i) STEM image of defective KNO and its corresponding mapping image.
Figure 5.5 Morphology understand of defective KNO. a)-e) STEM image of pure KNO and its
corresponding mapping image. f) Element distributions of the K, Nb, O acquired from the
defective KNO.
Figure 5.6 Electrochemical characterization of anodes for Lithium ion battery. a) CV curves for
the first three cycles of defective KNO electrode at a scanning rate of 0.1 mV s −1. b) Voltagecapacity profiles for defective KNO plotted for the 2nd, 50th, and 50th cycles at a current density
of 0.3 C. c) Cycling performance acquired under a current density of 0.3 C. The coulombic
efficiency is only plotted for defective KNO. d) Rate capabilities of defective KNO and pure KNO
anodes. e) Cycling stability over ultra-long 2000 galvanostatic cycles of the defective KNO anode
under the current density of 6 C.
Figure 5.7 Electrochemical characterization of anodes for Lithium ion battery. a) CV curves for
the first three cycles of pure KNO electrode at a scanning rate of 0.1 mV s−1. b) Voltage-capacity
profiles for pure KNO plotted for the 2nd, 35th, and 50th cycles at a current density of 0.3 C.
Scheme 6.1 Synthetic route for the engineered KNO via the dehydration process.
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Figure 6.2 Structural characterization of KNO nanosheets obtained at different
temperatures. a) XRD patterns obtained for KNO nanosheets at increasing temperature.
The commercial product H-Nb2O5 was initially purchased from Sigma-Aldrich and tested
without further purification. The “*” peaks can be indexed to T-Nb2 O5, which indicates the
phase transition in the KNO-500. b) Corresponding FT-IR spectra.
Figure 6.3 Characterization of the KNO-based materials. a) XRD curves; Insets: crystal
structures of the KNO and KNO/rGO viewed along the [040] direction. Green balls indicate
the Nb atoms, purple represents the K atoms, grey-green dots indicate expresses the H
atoms, and the red atoms belong to O element. b) Raman spectra, with the NbO 6 octahedra
shown in the insets. The Raman peaks located at 1331 and 1595 cm -1 can be indexed to
rGO. c) Typical SEM image of pristine KNO. d) HAADF-STEM and e) its corresponding
TEM images of the representative KNO/rGO nanosheets. The green circles in d) indicate
porous structures. The clear crystalline planes with a d spacing of 0.33 nm in e) can be
ascribed to the (002) planes of KNO (top inset) and those with 8.9 Å to the (040) planes
(bottom inset). f) Typical SAED pattern derived from KNO/rGO. g) The corresponding
elemental mapping images of e). h) Atomic force microscope (AFM) image of selected
KNO nanosheets and i) the corresponding height profiles across them.
Figure 6.4 Crystal structures of a) monoclinic H-Nb2O5, b) orthorhombic T-Nb2O5, c)
orthorhombic K4Nb6O17, and d) orthorhombic K4Nb6O17-x with defects. Green: Nb5+; Purple: K+;
Red: O2−. The possible oxygen defect sites are indicated by turquoise circles.
Figure 6.5 Morphology characterizations. TEM images of a) KNO/rGO nanosheets and b) pristine
KNO (Inset: HRTEM image). HRTEM images of c) KNO and d) KNO/rGO. e) High angle annular
dark field (HAADF)-STEM image and its corresponding elemental mapping images of pristine
KNO. f) AFM image of the selected area of KNO, broken up by high-energy ultrasonication.
Element distribution images: g) element intensities of KNO/rGO composite and h) ICP results for
KNO/rGO composite; i) element intensities of pristine KNO and j) ICP results for pristine KNO.
Figure 6.6 TGA analysis: a) KNO/rGO and b) KNO obtained with a temperature ramp rate
of 5 ℃ min−1 in air atmosphere. From the TGA curve of KNO/rGO in Figure 6.6a, a
noticeable weight loss platform can be clearly observed from 50 ℃ to 107 ℃,
corresponding to a slight 1.1% weight loss, which is possibly attributable to the elimination
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of surface absorbed water (physisorbed water) molecules. In addition, assuming the
complete combustion of the reduced graphene oxide in air, KNO/rGO demonstrates a
weight loss of 10.1 % from about 250 ℃ that continues up to 520 ℃, which attributed to
the content of rGO in this composite. In comparison, only one weight loss that starts above
50 ℃ and finishes at around 248 ℃ is observed for the KNO samples without rGO (Figure
6.6b).
Figure 6.7 N2 adsorption-desorption isotherms of a) the KNO-based materials, and b) their pore
size distributions. The pore distributions of the KNO based materials were examined by N 2
adsorption/desorption isotherms. Specifically, typical IV-type isotherms with distinct hysteresis
loops above relative pressure P/P0 of 0.4 were detected in all of them, as shown in Figure 6.7a,
demonstrating the similar mesoporous structures at those modest thermal-treatment temperatures.
Figure 6.8 Understanding of the fine structure of the KNO-based materials. a) The corresponding
XPS spectra of Nb 3d for pristine KNO and KNO/rGO. b) XPS spectra of O 1s for the samples.
The new peak located at 531.7 eV reflects the generated oxygen vacancies. c) EPR spectra, where
there is a gradually changing signal from KNO-300 to KNO/rGO, indicating the variable content
of oxygen vacancies in the KNO sheets. d) Normalized XANES Nb K-edge absorption spectra
with enlargement in inset. e) EXAFS spectra of Nb K-edge plotted in R space. f) EXAFS spectra
of Nb K-edge plotted in K space. The shift of Nb-O bonds towards higher bond length, as shown
in the inset, indicates that defect content gradually varied from pristine KNO to KNO/rGO. g)
Fitted results of pristine KNO and KNO-350 derived from EXAFS data.
Figure 6.9 XPS spectra a) High‐resolution XPS spectra of corresponding Nb 3d peaks in
potassium niobate samples and commercial H-Nb2O5 product. A noticeable shifting trend in Nb
3d is observed from the pristine KNO to KNO-500. b) Proposed sites of oxygen vacancy formed
during thermal treatment in NbO6 octahedra.
Figure 6.10 Optical photograph of KNO based materials: Pristine KNO, KNO-200, KNO-300,
KNO-350, and KNO/rGO (from left to right). As indicated in this image, the color of KNO based
materials gradually turned from white to grey, then darker grey, and light yellow for KNO-350,
which indicates that the concentration of oxygen defects has increased. As the color change from
KNO-200 to KNO-300 is not obvious, two possible reasons will be proposed: i) the amount of
Nb4+ is not large enough to create a visible color. ii) The unpaired electrons of Nb 4+ will be
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delocalized within the Nb-O unit. This can be explained by a shift that occurs in the oxidation state
rather than discrete, Nb4+ signals as we discussed in the XPS results (Figure 6.9 and Figure 6.8).
Figure 6.11 DFT calculations of the total density of states (TDOS) and partial density of
states (PDOS) profiles for a) pristine K 4 Nb6O17 and b) K4Nb6O17-x. c) UV-vis diffuse
reflectance spectra.
Figure 6.12 Fitted EXAFS data in K space; the detailed fitting information can be found in Table
6.2. Generally, the structural parameters, including radial distance and bond distance to
neighbouring atoms can be acquired by fitting of the measured EXAFS spectra through
transforming the normalised oscillatory part of the absorption coefficient to K space and further to
Fourier transform (R) space. Here, Nb K-edge absorption analysis has been carried out for the
different niobium oxide samples. In Figure 6.12, the fitted K range is displayed for each sample
with only the first shell neighbours (1st O-shell) of Nb taken into consideration.
Figure
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anodes

for

Lithium/Potassium ion batteries. a) Cycling performance of LIBs acquired under a current
density of 100 mA g −1. b) Long-term cycling stability for LIBs at a current density of 500
mA g−1. c) Cycling performance for potassium ion batteries (PIBs) acquired under a current
density of 100 mA g −1. d) Long cycling stability for PIBs under a current density of 500
mA g−1. Rate capabilities for e) LIBs and f) PIBs. g) Comparison of recently reported
niobium, titanium, and carbon-based materials in potassium-ion batteries; the specific
capacities are based on Table 6.4. All the coulombic efficiencies are plotted here for
KNO/rGO only.
Figure 6.14 Electrochemical performance of commercial rGO and commercial H-Nb2O5
vs. Li+/Li. a) Cycling performances under the current density of 100 mA g −1. b) Long-term
cycling performance of commercial H-Nb2O5 acquired under the current density of 500 mA
g−1, and c) rate performances with their corresponding Coulombic efficiencies (blue dots
for rGO only).
Figure 6.15 Coulombic efficiencies of KNO/rGO in different electrolytes acquired under a
constant current density of 100 mA g−1.
Figure 6.16 Electrochemical kinetic analysis of lithium/potassium storage behavior of
anodes. a) Determination of the b-value using the relationship between the peak current and
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the scan rate for rGO, KNO/rGO, and pristine KNO. The slope values for rGO, KNO/rGO,
and pristine KNO are 0.97, 0.92, and 0.61, respectively, in LIBs. b) Normalized
contribution percentage of capacitance at various scan rates. c) Determination of the b value using the relationship between the peak current and the scan rate: rGO, KNO/rGO,
and pristine KNO. The slope values for rGO, KNO/rGO, and pristine KNO are 0.88, 0.82,
and 0.77, respectively in PIBs. d) Normalized contribution percentage of capacitance at
various scan rates.
Figure 6.17 Nyquist plots in LIBs and PIBs of KNO-based electrodes after three CV scans
at a rate of 0.1 mV S−1 in a) LIBs and b) in PIBs. c) The fitted equivalent circuit diagram is
presented Figure 6.17c. The resistance is simulated using the equivalent circuit of
RS(Q(RctW)), where RS is the ohmic resistance of the solution and electrodes, R ct is the
charge transfer resistance, Q is the double-layer capacitance, and W represents the Warburg
resistance. d) and e) Fitted values of elements in the circuit diagram from the plots in Figure
6.17a and 6.17b, respectively. The electrochemical impedance spectroscopy (EIS) plots
demonstrates that the KNO/rGO exhibits the lowest resistance among those for KNO
electrodes, further confirming the increased electrochemical conductivity and transfer
kinetics in both Li ion and K ion batteries after introducing the defects into KNO/rGO.
Figure 6.18 Galvanostatic intermittent titration technique (GITT) measurements of KNO
anodes were conducted between 0.01 and 2.0 V versus lithium and potassium ions to
determine the diffusion coefficients, respectively. a) Li + ion diffusion coefficients
calculated from the GITT potential profiles as a function of the depth of discharge (DOD).
b) Li+ ion diffusion coefficients as a function of the state of charge (SOC). c) K + ion
diffusion coefficients calculated from the GITT potential profiles as a function of the depth
of discharge. d) K+ ion diffusion coefficients as a function of state of charge. The specific
calculation equations can be seen in the methods. e) and f) Comparisons of the diffusion
kinetics of KNO-350 anodes in both Li and K ion batteries.
Figure 6.19 Structure change of KNO/rGO under the K + (de)intercalation process in the
range of 0.01-2.0V. Ex-situ XRD patterns of the KNO/rGO electrode were collected at
different points during the initial discharge−charge process at 50 mA g −1, with the voltage
profile shown on the right. The “#” indicates the dominant (002) reflection in the XRD
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pattern of a piece of KNO/rGO electrode, which is consistent with our previous XRD
discussions. The ex-situ XRD results further confirmed that the reaction mechanism of
reaction ions within the KNO/rGO composite was of an intercalated pseudocapacitor type
(Figure 6.19). A closer look at the XRD patterns reveals a slight decrease in intensity of the
(002) reflection due to the more amorphous structure from the intercalation of K ions,
which will be revisited later after the de-intercalation of K ions.
Figure 6.20 Crystal structure, diffusion paths, and corresponding migration energy barriers
calculated by DFT simulations. a) Crystal structure of pristine KNO with representative K
ions intercalated at A, B, C, D, and E sites. b) Crystal structure of engineered KNO and
typical intercalation sites. Purple represents K, blue represents Nb, and red stands for
oxygen atoms. The green circles indicates the vacancy sites. c) Comparison of calculated
migration energy barriers to K + diffusion through multiple paths in both pristine KNO
(green) and engineered KNO (red). d) Comparison of calculated migration energy barriers
to Li+ (yellow) and K+ (red) diffusion along various paths in engineered KNO.
Figure 6.21 Electrolyte optimization of PTCDA cathode. Charge-discharge curves of
PTCDA in different electrolytes: a) 1.5 M KFSI in EC/DEC, b) 1.0 M KFSI in PC, and c)
1.0 M KFSI in DME. d) Coulombic efficiencies for cycling of PTCDA in various
electrolytes under the current density of 100 mA g -1. From the charge-discharge curves in
Figure 6.21, it is clear that the first cycle is totally different from the following cycles for
PTCDA in those electrolytes, which could be interpreted as a pre-activation process that
takes place during the initial cycle. The capacity and voltage output among carbonate -type
and ester-based electrolyte might be caused by the irreversible phase transformation
Figure 6.22 Full-cell performance of KNO/rGO. Potassium-ion full-cell electrochemical
performance of KNO/rGO: a) Cycling performance of KNO/rGO in different electrolytes
acquired under a current density of 100 mA g-1. b) Cycling performance of PTCDA in
different electrolytes, acquired under a current density of 100 mA g -1. c) Long-term cycling
performance at 50 mA g -1 for the full cell, schematic illustration of PTCDA‖KNO/rGO fullcell configuration (right inset), and photograph of full-cell (left in-set). This outstanding
performance of the full cell indicates that PTCDA‖ KNO/rGO can serve as a promising cell
for practical application.
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Figure 6.23 Charge discharge curves of typical cycles for the full cell PIBs under the current
density of 50 mA g –1. The typical charge-discharge profiles of the full cells show that the
distinct charging plateau was mainly over 1.5 V, and this value could be further enhanced
by optimizing the cathode part, such as by using a high voltage Prussian blue analogue.
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Table 2.1 Critical parameters of current organic solvents in battery systems.
Table 2.2 Chemical and physical properties of various potassium salts in battery systems.
Table 2. 3. Comparison of the synthesis, reaction mechanisms, test methods, electrolytes, initial
Coulombic efficiencies (ICE), initial specific capacities (ISC) for long-term cycling and potassium
storage capability for several typical metal-chalcogenide-based materials used as anode materials
for PIBs.
Table 3.1 Chemical lists
Table 4.1 Theoretical capacities of this series of GCF materials based on Ge content.
Table 4.2 Comparison of recently reported Ge-carbon based materials as anode electrodes.
Capacity based on Ge = Capacity based on composite / Ge content.
Table 4.3 Comparison of electrochemical parameters of GCFs. Capacity values and average
fading-rate under the current density of 1000 mA g‒1 after thousands of cycles, and corresponding
ICE values of GCF-500, GCF-800, GCF-1050, commercial Ge, and commercial-GeO2 electrodes.
The fading rates were calculated as follows: rate = ( (Capacity10th- Capacityfinal charge ) /
Capacity10th) / cycle life×100%.
Table 6.1 Fitted XPS results: Nb 3d regions and areas of the O 1s peak at the position for
oxygen vacancies in these materials.
Table 6.2 Bond Distances and Coordination Numbers for the Different Niobium Oxides.
Information obtained from EXAFS K and R space transformations with fitting for the first
O-shell.
Table 6.3 Comparison of the electrochemical parameters of KNO based materials, rGO,
and commercial Nb 2O5 in LIBs and PIBs (red numbers). Capacity values and average
fading-rate under different current densities of 100 and 500 mA g ‒1, and corresponding
initial Coulombic efficiency (ICE) values of KNO/rGO, KNO-350, KNO-200, pristine
KNO, rGO, and commercial-Nb2O5 electrodes. The fading rates for low current densities
were calculated as follows: rate = [(Capacity1st - Capacityfinal charge) / Capacity1st] /
cycle life × 100%. For high current density in LIBs, the fading rate was obtained as follows:
rate = [ (Capacity20th - Capacityfinal charge ) / Capacity20th] / cycle life × 100%. For high
current density in PIBs, the fading rate was obtained as follows: rate = [(Capacity 76thCapacityfinal charge ) / Capacity 76th] / cycle life × 100%. * indicates that the fading-rate
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can be neglected.
Table 6.4 Comparison of recently reported Nb, Ti, and C materials as anode electrodes in
potassium ion batteries.
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CHAPTER 1 INTRODUCTION
1.1 General background
Fossil fuel combustion is the principal contributor to human energy requirements. Due to the
depletion of fossil fuels and associated environmental issues (such as greenhouse gas emissions)
arising from their use, there is growing interest in the exploration and application of renewable
energy resources such as solar, oceanic, and wind.[1, 2] Nevertheless, those renewable energy sources
are not constant and reliable sources for electricity generation. Solar power is generated only during
the daytime and varies according to weather conditions. Oceanic energy (eg. tidal or wave energy)
is potentially associated with major ocean currents, so that it only has a limited market for
commercial application. Wind resources are concentrated in certain regions, and wind turbines can
only generate electricity when the wind blows. This variable nature of renewable energy sources
makes efficient electrical energy storage essential for future electrical grids to effectively integrate
renewable energy.[3] It is well-accepted that electrical energy storage can not only improve the
reliability and overall use of the entire electrical grids but can also effectively provide balancing
services for grids by absorbing electricity whenever there is too much generation (normally at offpeak times) and by injecting electrical energy into grids when the generation is insufficient (often
at peak times).

Rechargeable batteries are perfectly suitable for electrical energy storage due to their pollutionfree operation, flexible power and energy, high efficiency, low maintenance cost, and long cycling
lifespans. As the best performing battery currently available, lithium-ion batteries (LIBs), have
overwhelmingly dominated the power source markets for advanced consumer electronics and even
electric vehicles, due to their high energy density and round-trip efficiencies.[4, 5] In order to reward
advances in this revolutionary technology, three pioneers, John B. Goodenough, M. Stanley
Whittingham, and Akira Yoshino were jointly granted the Nobel Prize in Chemistry 2019 for the
development of lithium-ion batteries.[6] To meet the ever-growing demand for cheaper, smaller and
lighter portable electronics, however, LIBs need to be further improved in terms of costs, efficiency,
energy/power density, etc. Therefore, developing new electrode materials with high energy density
is desperately needed. Recently, engineering the microstructure framework and introducing
structural defects, including point defects, grain boundaries, and edges, have recently been regarded
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as ways to control the physiochemical behaviors (e.g. optical, thermal, mechanical, and electrical
properties).[7-10] As was previously, a variety structures on the nanoscale, especially at the atomic
level, are able to not only markedly alter the electronic structure of electrode materials, but also to
enhance the kinetics of mobility and the diffusion of relevant heteroatoms, such as Li+.[11, 12] As a
result, the capacity performance and rate of cyclability of the battery will be dramatically influenced.
On the other hand, since large-scale electrical energy storage systems are critical for utilizing
intermittent renewable energy, in the foreseeable future, the high cost and the limited and remote
nature of lithium resources in the Earth’s crust (less than 20 ppm) would hinder the further
application of LIBs in this field. As a result, the search for novel energy storage systems that feature
with the advantages of low cost, high energy density, and high safety has gained significant
attention.[13, 14]

In terms of the electrodes, germanium is an attractive electrode material for high-energy LIBs,
especially for batteries in sophisticated fields such as communications, deep-space exploration, and
national defense,[15] because of its high volumetric/gravimetric capacities (8645.9 mAh cm‒3 and
1600 mAh g‒1, respectively),[16] favorable (de)lithiation voltage (< 0.5 V vs. Li/Li+), excellent
lithium-ion diffusivity (over 400 times faster than in Si), [17] and remarkable electrical conductivity
(104 times higher than for Si). Besides, unlike the highly anisotropic lithiation in Si, the isotropic
lithiation behavior in Ge anode ensures favorable reversible capacity.[18] Nevertheless, its poor
cycling stability and high price significantly limit its practical application. Therefore, ingenious
design is needed for the microstructures of Ge-based materials, which is able to provide high tap
density, excellent structural stability, and fast transfer kinetics. Furthermore, ternary transition metal
oxides have gained intensive attention as promising candidate electrodes for LIBs due to their high
theoretical capacities and their the potential to replace the commercialized carbonous materials.[19]
Among them, the niobium based materials possess fascinating properties, such as an intercalationtype mechanism, rich redox chemistry, and achievable scalability at a practical level, so that they
have been identified as ideal candidates for rechargeable metal-ion batteries. Their intrinsic poor
electrical conductivity, however, has restricted their energy storage-related applications.
Engineering niobium based anodes that possess excellent electronic and superior ionic conductivity
is a highly attractive strategy to overcome these issues.[20]

2

In terms of novel energy storage systems, sodium-ion batteries (SIBs) and potassium-ion batteries
(KIBs) have attracted research interest due to the natural abundance, and low cost of their raw
materials, as well as their similar mechanism. Compared with SIBs, the substantial advantage for
KIBs is the lower potential (E0, where E0 is the standard hydrogen potential) of K (-2.93 V vs. E0)
compared with that of Na (-2.71 V vs. E0), implying that KIBs have potential as candidates for lowcost next-generation rechargeable batteries with high-energy-density.[21] Nevertheless, the large
radius of K+ (1.38 Å) is prone to cause high diffusion barriers and sluggish insertion/extraction
kinetics in electrodes during the charge/discharge process. Currently, the development of electrodes
in KIBs is still in its early stages. Although a few anodes have been investigated in KIBs, they either
suffer from poor cycle life (such as alloy-based anodes, phosphorus-based anodes, and metal
sulfides),[22, 23] or low energy/power densities (such as carbon-based electrodes),[24] so it is essential
to explore new anode candidates for high-performance KIBs. As promising candidates in LIBs,
niobium oxides have attracted less attention due to the lack of understanding of their electrochemical
mechanism in KIBs. Nevertheless, the fine structure of niobium based anodes for LIBs needs to be
readjusted when they are applied in other battery technologies, due to the changes in diffusion
properties or interfacial compatibility, which is a quite promising direction for the development of
electrodes for KIBs.

1.2. Objectives of the Research
Herein, this doctoral thesis focuses on the synthesis of novel electrodes for energy storage systems
through engineering microstructures. Specifically, the emphases of this work are outlined as follows:
1) Rational design of various metal-carbon microstructures and careful study of the mechanisms of
structure formation. 2) Optimization of the parameters related to the improvement of
electrochemical performance, such as particle size, carbon morphology, tap density, chemical
structures, etc. to satisfy the requirements of the potential application for the lithium ion battery. 3)
Engineering the structure of the transition metal oxide on the atomic level to make it suitable for
high power lithium ion batteries. 4) Careful study of the variation in the chemical bonds, surface
properties, and transfer kinetics to deduce the potential mechanism of this structural engineering. 5)
Fabrication of potassium ion batteries together with different electrolytes for detailed study of the
phase change or evolution during charge/discharge. 6) Comparing the proposed materials in
different energy storage systems by using in-situ techniques or simulations.
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1.3. Thesis structure
This work mainly focuses on the structural engineering of the promising electrodes not only on
the microscale but also on the nanoscale to improve the performance of practical energy storage
systems. The contents are as follows:

Chapter 1 briefly introduces basic background knowledge on Ge-based and metal-oxide based
materials for application in lithium/potassium storage.

Chapter 2 provides a comprehensive literature review of current progress on lithium/potassium
ion storage systems, especially of the progress on battery components, such as anodes, cathodes,
electrolytes, binders, and full cells. In this part, the prospects for high-energy conversion anodes are
also presented.

Chapter 3 illustrates the details of the employed experimental and characterization methods,
including the relevant chemicals, design procedures, material analysis techniques, and test setups or
methods to investigate electrochemical performance.

Chapter 4 presents the structural engineering of the hierarchical micro-nano structured Ge-C
framework by controlling the nucleation for ultralong-life Li storage. The possible formation
mechanism of the hierarchical micro-nano structured Ge-C framework is derived. The
physicochemical properties, such as particle size, tap density, and structural stability are
demonstrated. Combined with full cell tests, the electrochemical performance is also demonstrated,
such as with CV tests, charge-discharge curves, and cycling performance and rate capability testing.
A clear direction for other metal-carbon framework is also proposed for further optimization.

Chapter 5 discusses the work on engineering of the atomic structure of the potassium niobates.
Based on our understanding of the fine structure, such as from X-ray diffraction (XRD), Raman
Spectroscopy, and X-ray absorption spectroscopy (XAS), the chemical bonds and environment are
carefully studied. Further electrochemical performance in lithium ion batteries is also demonstrated.

Chapter 6 is devoted to studying potassium niobates in a novel energy storage system, the KIBs.
After the optimization of the composition, structures, and conductivity, suitable electrodes for
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potential application in potassium storage are identified. By the further selection of electrolytes, the
electrochemical performance of half-cells and full cells is further enhanced.

Chapter 7 summarizes potential prospects for developing high-performance electrodes for energy
storage by engineering microstructures.
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CHAPTER 2 LITERATURE REVIEW
The depletion of fossil fuel energy and environmental issues have spurred the great development
of sustainable, high-power density energy storage devices to meet people's daily needs.[1] Among
the energy storage technologies, batteries have drawn much attentions due to their low cost, high
safety, and long cycle life.[2] Since their development in the 1970s, the rechargeable batteries based
on alkali metal ions (such as lithium, sodium, and potassium ions) have proven to be a truly
revolutionary technology, offering continuous energy storage and supply for portable devices
ranging from small microchips to large vehicles and stationary energy storage devices.[3, 4] To pursue
high energy density, long cyclability, and acceptable rate stability, intensive research attention has
been paid to the nanostructured anode materials, in which alloy-type and intercalation-type materials
are demonstrating attractive merits, such as their shortened paths for alkali metal ions transportation,
as well as diverse compositions, abundant valences, and tunable chemical bonds.[5] Moreover, the
electrolyte and the binder parts have been found to play a dominant role in determining the
electrochemical performance.

In this literature review, the current progress on anode materials (metals, metal oxides, and metal
sulfides) for high-energy rechargeable batteries, especially for lithium and potassium batteries, in
terms of their mechanisms, compositions, structures, and electrochemical performance are carefully
highlighted. In addition, the progress on electrolytes and binders for the potassium ion battery are
summarised. Finally, the outlook and potential directions for those components relevant to highenergy storage systems are proposed.

2.1 General background
The lithium ion battery (LIB) is currently the most widespread battery system, with excellent
performance due to its pollution-free operation, flexible power and energy, high efficiency, low
maintenance costs, and long cycle life.[6] The gravimetric and volumetric energy density of current
commercial LIBs, however, is still very low, [7, 8] there are also huge obstacles for current LIBs that
limit their ability to meet the further requirements of grid energy storage and electric vehickes (EVs)
in terms of cycle life and rate stability. The performance of LIBs, however, is mainly determined by
their components, especially by the anode materials.[9, 10] To address the problem of low energy
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density in LIBs, which is caused by the limited theoretical capacity of commercial graphite (372
mAh g−1),[11] considerable efforts have been devoted to alloy‐type and intercalation-type anode
materials, owing to their high specific capacity and abundant chemical reactions.[12,

13]

As a

representative alloy-type material, germanium (Ge) shows superior capacity of 1600 mA h g−1 and
remarkable rate capability, holding great potential as an anode material for next‐generation LIBs.
Nevertheless, its poor cycling stability and high price significantly limit its practical application. [14]
Among the intercalation-type anode materials, niobium oxides have captured tremendous attention,
due to their open framework and rapid ionic transportation, which is suitable for the lithium ion
battery.[15] Their semiconductor nature, however, further restricts their high rate performance. To
solve the problems, however, great effort has been devoted to designing rational structures in the
last few decades (Figure 2.1).

On the other hand, the range of LIBs applications has been limited due to the high cost and low
stability of the lithium ion battery. The lithium foils anodes used in the assembled batteries are
difficult to recycle, resulting in a much higher price for newly mined lithium. Therefore, making
provision beyond the Li-ion batteries is important and alternatives with different chemistries have
been suggested for replacing the state-of-the-art lithium ion batteries. The abundant worldwide K
resources and the much lower cost have attracted research interest to K ion batteries.

Figure 2.1 a) Number of publications related to Ge-based and b) Nb-based materials for energy
storage devices in recent 20 years.
The potassium-ion battery (PIB) has certain advantages over similar lithium batteries (LIBs), such
as its abundance in the Earth’s crust and low cost. Potassium can work with graphite or alloy-type
anode, making it far less problematic than lithium. The abundance of potassium makes it a much
better candidate for the mass production of rechargeable batteries than lithium. The liquid nature of
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potassium-sodium alloy can help with the reclamation of used potassium by using organic solutions
from the spent battery. Although the PIB system is, in principle, similar to that of the Li ion battery,
because it depends on the shuttling of K ions in the structural channels of the anode and cathode,
there are still many challenges for K ion batteries. These arise from a few fundamental differences
between the two elements: the larger mass of K, the larger ionic radius of K (2.72Å), the interface
with the electrolyte, and various thermodynamic parameters.[16]

This review provides an overview of the current progress on Ge based and niobium oxide based
materials in traditional lithium ion batteries. The oxide and chalcogenide materials will be still
discussed in connection with the novel potassium ion battery. The unique functionalities and
promising applications of these materials are described first, and then the difficulties and challenges
for these materials are discussed. Subsequently, the important role of the electrolyte and the binder
in the potassium ion battery will be explained. Finally, an outline will be provided of the future
prospects for the major challenges and opportunities facing the batteries.

2.2 Lithium ion battery (LIB)
2.2.1 Mechanism of Ge in lithium storage
As reported in previous research on intercalation materials for lithium storage, the delithiation
voltage of commercial graphite is low (around 0.05 V vs. Li+/Li),[2] Li dendrites are readily formed
under this voltage when charge/discharge take place at high current density. The formation of Li
dendrites will result in the risk of ignition and explosion, raising the safety concerns for people’s
daily usage. For crystalline Ge metal electrodes, alloying/dealloying reactions at the much higher
potential of 0.5 V vs. Li+/Li will avoid the formation of Li dendrites and improve LIB safety.
Furthermore, the delithiation voltage which is less than 1.0 V versus Li, is relatively low compared
with other transition metal-based anode materials (e.g., Co3O4), leading to a much higher energy
density.[14, 17]
The fully lithiated phases of Ge-based materials, that is, Li4.4Ge (Figure 2.2), can induce a huge
volume change during cycling, leading to the cracking and pulverization of the electrode materials,
which will further induce large irreversible capacity loss with poor cyclability.[18] Therefore, the
huge volume variation of Ge-based materials can be identified as the reason for the rapid fading of
the capacity, and the key solutions to boost the cyclability involve improving the stability of all the
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materials.

Figure 2.2 The typical electrochemical reaction mechanism for Ge during lithiation reaction via
alloying and conversion.
The following sections will discuss in detail the useful and interesting structures that can be used
for modulation of the electrochemical performance, along with their structure-properties
relationships.

2.2.2 Zero-dimensional nanoparticles (0D anodes)
Among the extensive strategies that have been applied to enhance the performance of LIBs,
reducing the particle size to the nanoscale is a suitable method that can enable the electrode to endure
the huge strain of volume changes and effectively alleviate the pulverization during high-rate
cycling conditions.[19] Cui et al. [20] first introduced nanosized Ge into a carbon matrix (n-C/Ge) by
using solid-state pyrolysis of an organic precursor (Figure 2.3 a and b). The composite exhibited
increased Li storage capability, and the rate capability was significantly improved. Moreover,
hydrogen‐reduced micro‐sized Ge powders, exhibiting a specific capacity of approximately 1500
mAh g−1 (93% of the theoretical value) at 50 mA g−1 after tens of cycles (Figure 2.3 c and d), were
reported by Ke et al. This kind of structure is vital for achieving a high capacity and GOOD capacity
retention.[21] After that, Xue et al.

[22]

provided a new method to synthesize a Ge@C/reduced

graphene oxide (RGO) composite through a solvothermal method based on the reaction between
GeBr2 and oleylamine, followed by combination with reduced graphite oxide, as shown in Figure
2.3e to g. This composite with Ge@C core−shell nanostructures and RGO networks showed
excellent cycling performance and rate capability. Even under a high current density of 3.6 A g−1, a
specific capacity of 380 mAh g−1 could be retained after 50 cycles. Its excellent cycling performance
and rate capability are herein attributed to the improved conductivity provided by the elastic RGO
networks, and carbon shells, and the diminished volume change due to the small size of the Ge
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nanoparticles.

Figure 2.3 a) TEM characterization and Elemental mapping of the n-C/Ge composite proposed by
Cui et al. b) The electrochemical performance of n-c/Ge materials in lithium storage. Reproduced
with permission from Ref. 20. c) SEM images of Ge particles reduced at 450 °C. d) Electrochemical
performance of nano/microstructure Ge electrodes under 100 mA g −1 and 800 mA g−1. Reproduced
with permission from Ref. 21 e) Schematic illustration of the synthesis route for the Ge@C/RGO
nanocomposite. f) and g) TEM image and Rate performance of Ge@C/RGO materials. Reproduced
with permission from Ref. 22.
In the case of the above-mentioned carbon-coated Ge nanoparticles, however, the decomposition
of electrolyte to form the solid-electrolyte interphase (SEI) layer on the carbon surface of those
materials can result in low Coulombic efficiency. Additionally, the inevitable pulverization of the
interior Ge particles induces rapid capacity fading. During the uptake process for Li+, however, the
carbon shell can serve as a buffer layer to accommodate the volume expansion of the lithiated Ge
particles up to Li4.4Ge, ensuring that the entire structure is stable.

2.2.3 One-dimensional nanotubes or nanowires (1D anodes)
As a cylindrical nanostructure of Ge metal allotropes, Ge nanotubes or Ge nanowires are capable
of restricting the mechanical strain and volume change during the lithiation process to low levels in
the radial direction to prevent the electrode materials from pulverizing.[14] The ability to provide
efficient electron transport pathways enables the Ge to boost the charge transfer during the
lithiation/delithiation process. Cho et al.

[23]

prepared such a material by utilizing the Kirkendall

effect at 700 °C. This product of this high-yielding synthetic method displayed exceptionally high
rate capability of up to 40 A g−1 while maintaining a reversible capacity of around 1000 mAh g−1
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over hundreds of cycles (Figure 2.4a to c). Furthermore, they proposed a direct growth method with
a catalyst-free process to synthesize germanium nanowires covered by graphene (Gr/Ge NW, Figure
2.4 d to e). The Gr/Ge NW showed a high performance as a Li ion battery anode, as it exhibited a
high specific capacity (1059 mAh g−1) after 200 cycles under 4 C with capacity retention of 90%.[24]

Figure 2.4 a)-b) TEM images of the Ge nanowires and its schematic formation process. c)
Electrochemical performance of Ge nanowires. d) SEM image of as‐grown Ge NWs. e)
Electrochemical performance of Ge NWs. Reproduced with permission from Refs. 23 and 24.
In addition, Zhang and co-workers [25] synthesised a thick Ge film by adopting vertically aligned
carbon nanotube (VACNT) arrays as three dimensional (3D) current collectors. Their excellent
electrochemical performance can be attributed to the good electronic conductivity, specific
morphology, and large interspacing of the 3D vertically aligned carbon nanotube current collector
(Figure 2.5).

12

Figure 2.5 a) Side‐view SEM image of as‐grown VACNTs; b) side‐view SEM images of the
VACNT‐supported thick Ge film. c) Side‐view SEM image of a planar current collector supported
Ge film. d) 3D VACNT‐supported thick Ge film after cycling. e) and f) Electrochemical
performance of VACNT‐supported thick Ge film. g) Top‐ and side‐view SEM images of the
VACNT‐supported thick Ge film after 20 cycles. Reproduced with permission from Ref. 25.

2.2.4 Two-dimensional nanosheets (2D anodes)
Two‐dimensional (2D) structures have been explored to improve the electrochemical
performance of Ge materials, including two main types of materials, Ge thin films or nanosheets,
[26]

and composite materials of Ge and RGO.[27] Recently, a typical carbon‐coated Ge/reduced

graphene oxide (Ge/RGO/C) nanocomposite were prepared via a facile solution‐based strategy, as
shown in Figure 2.6.
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Figure 2.6 a) and b) TEM image of Ge/rGO composite. c) and d) Electrochemical performance of
Ge/rGO composites. Reproduced with permission from Ref. 26.
The homogeneously dispersed Ge nanoparticles surrounded by graphene sheets can provide
excellent electrochemical performance due to the improved electrochemical conductivity and the
well-dispersed particles on the graphene sheets. The atomic utilization of Ge in this composite
(around 96.2%) is another reason for its excellent electrochemical performance.

2.2.5 Three-dimensional hierarchical structures (3D anodes)
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Figure 2.7 a) Schematic diagram of the preparation of 0D hollow and 3D porous nanoparticle
assemblies. b) Morphology understand of the 0D hollow and 3D porous nanoparticle assemblies. c)
Electrochemical performance of the as-designed materials. Reproduced with permission from Ref.
28.
Compared with the 0D particles, 1D nanotubes/wires, and 2D nanosheets/films, the 3D structures
can provide highly efficient structural stability, excellent conductivity, and enough space to buffer
the huge volume change. Cho and co-workers proposed a template-sacrificial method by using SiO2
nanospheres to produce the 3D porous nanoparticle assembly (Figure 2.7). Compared with the 0D
hollow Ge assemblies, the 3D porous one can exhibit very stable cycling performance with a
negligible capacity fading rate after100 cycles.[28]
In short, various structures are performance-enhancing for the Ge metal or Ge-carbon composites
that have been evaluated as promising anode materials. Based on their electrochemical performance
and structures after cycling, there are still some problems that need to be overcome: 1) The
expensive nature of Ge metal means that it cannot be separately used as the anode in a battery; it
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should be combined with a conductive matrix, such as carbon. This will introduce a new problem,
that is, how to increase the utilization ratio of Ge metal in such a Ge-C composite. 2) Searching for
a facile and rational design to build up stabilized structures is still desperately important. 3) In terms
of the energy density, the construction of electrodes with high tap density is still a challenging
problem. More practical routes need to be uncovered and developed to expand the accessible Ge-C
family and thereby provide more and more suitable anode materials for lithium storage.

2.2.6 Niobium oxides for lithium storage
As another family of alternative materials, the niobium-based materials have attracted some
attention, owing to their higher operation voltage windows, intercalation mechanism, and abundant
resources.[29] In this part, information on two candidates for potential application in batteries is
summarised.
Generally, improving the density of stored charge in a battery and increasing the charge transfer
through the anode are usually opposing objectives. In addition, the high mass loading will induce
sluggish ionic transfer kinetics compared to that in the thin electrodes, resulting in the inferior
capacity retention and cyclability. Sun et al. [30] addressed this problem by introducing novel anode
materials, that is, a Nb2O5/holey graphene framework (HGF) composite (Figure 2.8). For practical
application of the as-designed electrodes, high mass loading is a significant parameter that could be
used to evaluate their electrochemical performance.

Figure 2.8 a) Schematic diagram of the preparation of Nb2O5/holey graphene framework. b)
Morphology understand of the Nb2O5/holey graphene framework and porous distribution. c)
Electrochemical performance of the as-designed materials. Reproduced with permission from Ref.
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30.
They designed their 3D hierarchically porous composite architecture via a two-step process.
Ultrahigh-rate energy storage at practical levels of mass loading (around 10 mg cm-2) could finally
be achieved. As a result, the Nb2O5/HGF-2.0 electrode delivered a specific capacity of 75 mAh g−1
at 100 C, which was more than two times that of the corresponding Nb2O5/graphene framework
(GF) electrode (Figure 2.8c). Two dominant advantages were responsible for the excellent
electrochemical performance: 1) The highly interconnected network of graphene in the composite
provided sufficient electron transport. 2) The hierarchical porous structure endowed with
macropores and tunable micro-meso pores could facilitate ion transport and mitigate obstacles to it.
The ionic transfer limitations could thus be resolved (Figure 2.8b).
In addition, currently active particles are frequently reduced to nanometre dimensions to increase
their relatively slow solid-state ionic diffusion, although they have the disadvantages with respect
to their volumetric packing density, cost, and stability, when compared to the microsized materials.
In a response, Grey and co-authors [31] synthesised a micro structured niobium tungsten oxides, as
shown in Figure 2.9.

Figure 2.9 a) Crystal structure and particle morphology of Nb 16W5O55 and Nb18W16O93. b)
Electrochemical performance of Nb16W5O55 and Nb18W16O93. c) and d) Structural evaluation of
Nb16W5O55 and Nb18W16O93 obtained from the operando synchrotron diffraction. Reproduced with
permission from Ref. 31.
As a metastable material of the Nb2O5–WO3 system, Nb16W5O55 has a monoclinic structure
composed of subunits of corner-sharing octahedra arranged into a Rhenium oxide-like blocks.
Nb18W16O93 is orthorhombic and has the 1×3×1 superstructure of a classic tetragonal tungsten
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bronze (Figure 2.9a). As indicated in Figure 2.9 a, the morphology of those two candidate materials
are on the microscale with particle diameters in the tens of micrometers, which were synthesized by
a co-thermal oxidation method. When applied as anode materials for lithium storage, those two
materials demonstrated excellent rate performance with long cycle life. Nb16W5O55 maintained a
capacity 171 mA h g−1 when the rate was increased to 5 C. In addition, hundreds of cycles could be
achieved for those two materials under a current density of 10 C for 250 cycles followed by 20C for
750 cycles. (Figure 2.9b) The authors claim that the stable host structures for lithium intercalation
with facile and defect-tolerant lithium diffusion and multielectron redox reactions could be
responsible for their excellent electrochemical performance (Figure 2.9c and d).
Based on the above discussion, although the rate and cycling performances of Nb‐based oxides
electrodes can be enhanced by some typical strategies such as structure engineering and composition
optimization, there still remain some problems that need to be clarified and understood for novel
applications in energy storage systems, especially for the potassium ion battery.

2.3 Potassium ion battery (PIB)
As a novel energy storage system,

[32-42]

although the potassium ion battery is attracting much

more attention, its progress is still in its fancy. Only sulfides, oxides, and carbonaceous materials
have been applied and discussed in the field of PIBs. The first step to achieving high-performance
K+-related energy storage technologies is to exploit suitable host materials that have superior
potassium storage capability and enough structural stability during the repeated K+ insertion and
extraction processes. For PIBs, the best-known representative of K+-based rechargeable energy
storage systems, the aforementioned target indicates that developing efficient anode materials
integrated with the favorable features of high specific capacity, excellent cycling stability and fast
diffusion/reaction kinetics has already become one of the most urgent tasks to advancing the
progress of current PIBs toward practical applications. In this section, to better understand the
progress on PIBs, two main classes of materials will be discussed in detail. One is niobium based
oxides, and the other is the chalcogenides.

2.3.1 Niobium oxides for potassium storage
Although the niobium-based materials have drawn much attentions in the lithium ion battery field,
in fact, up to now, there have been reports on Nb-based potassium ion batteries. This is possibly
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because of the mismatched lattice of anode materials for K ion transportation, the undesirable side
reactions of the active K, and the large radius of K ions compared to Li ions. Therefore, searching
for potential materials with suitable lattice parameters and stable ionic channels is important for the
further application of niobium based materials in PIBs.
In response, Lee et al [43] proposed a new method for synthesizing black Nb2O5−x@RGO materials.
As the semiconducting nature of niobium oxide is harmful to charge transfer, increasing the
conductivity would be the dominant way. In their work, they introduced a synthesis method leading
to a partially surface-amorphized and defect-rich structure to engineer the electron conductivity, as
is clearly demonstrated in Figure 2.10.

Figure 2.10 a) Schematic diagram of the synthesis procedure of the black Nb2O5−x@RGO
nanosheets. b) XPS, Raman, XPS, and Mott–Schottky plots of Nb2O5−x@RGO nanosheets. c)
Electrochemical performance of Nb2O5−x@RGO nanosheets. Reproduced with permission from
Ref. 43.
The precursor of mesoporous Nb2O5@RGO nanosheets was initially prepared by a controllable
hydrolysis of C10H25NbO5 in the presence of NH4OH in combination with RGO sheets. After freezedrying and grinding, the Nb2O5@RGO was placed in a tube furnace and thermally treated under
inert atmosphere. After a chemical reaction with the NaBH4, the Nb2O5−x@RGO could finally be
achieved (Figure 2.10 a). Furthermore, the crystallinity and phase structure of Nb2O5−x@RGO can
be certified by its XRD pattern and XPS results. From the Mott–Schottky results, the conductivity
of Nb2O5−x@RGO that was achieved after the reaction with the NaBH4 was increased compared to
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the Nb2O5@RGO precursor (Figure 2.10b). As a result, the Nb2O5−x@RGO could demonstrate a
superior K storage performance compared to that of the Nb2O5@RGO material. Around 90 mAh g1

could be successfully achieved after 3500 cycles under the current density of 1500 mA g-1.

Figure 2.11 a) XRD pattern of m-NbN/NC and m-Nb2O5/C composite. b) N2 adsorption/desorption
isotherm. c) SEM image of m-NbN/NC. d) and e) Electrochemical performance of m-NbN/NC.
Reproduced with permission from Ref. 44.
Very recently, a low-strain niobium nitride anode with a porous structures was achieved by Lee et
al. as shown in Figure 2.11. As a new K+ insertion host that could be synthesized by a self-assembly
method, their m-NbN/NC sample could provide excellent cycling performance under a high current
density of 0.5 A g-1. Around 100% capacity retentions could be achieved after 2000 cycles.[44]

2.3.2 Chalcogenides for potassium storage
Among the several categories of materials, metal chalcogenides have received numerous insights
from researchers in recent years on account of their large theoretical specific capacity as well as
relatively smaller volume change and higher electro-conductivity when compared with those of
metal oxides and phosphides.[45, 46] Most of them possess a two-dimensional (2D) layered structure
and reveal obviously lower reaction energy barrier when storing alkaline metal ions (Figure 2.12).
Because of the easy topological extension, numerous techniques can be utilized to shape different
morphologies of metal chalcogenides but with the same crystal structure, which endows this kind
of material with more application prospects.[47]
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Figure 2.12 Illustration of the classification and dominant modification strategies that have been
reported for metal chalcogenides-based PIB anodes. Some of the inset pictures are reproduced with
permission from Wiley-VCH, American Chemical Society, The Royal Society of Chemistry and
Elsevier.[45, 47-50]
For metal chalcogenides utilized for PIB anodes, they can be classified into two categories
according to different potassiation processes: conversion-type and conversion/alloying couplingtype. The former consists of electrochemically inactive metal atoms (like Co, Fe, Ni, Mo and V) [45,
51, 52]

and chalcogens, while the latter is comprised of active metal atoms with the capability to store

potassium through alloying reactions (like Sn, Sb, and Ge) [53-55] and chalcogens. In common cases,
conversion/alloying coupling-type metal chalcogenides can deliver higher specific capacity but
suffer huger volume expansion at the same time compared with their individual conversion-type
counterparts. How to keep a good balance between capacity and structural integrity underlies the
road for metal chalcogenides toward ideal potassium host materials. Although the cycling stability
of metal chalcogenides cannot overtake that of traditional intercalation-type materials like carbon
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and sylvite compounds at current stage, it is still attractive enough to exploit metal chalcogenides
with specially designed microstructure or chemical components/states as anode materials for PIBs,
due to their remarkably higher theoretical specific capacity. Hence, in the following parts, it is going
to make some illustrations on recent metal chalcogenide-based composites as anodes for PIBs,
especially focusing on the aspects of potassium storage mechanisms, design, synthesis methods,
measurement means, modification strategies and corresponding performances.
2.3.2.1 Limitation of Discharge Depth
For most conversion-type metal (inactive) chalcogenides, there is usually an intercalation reaction
before conversion reaction in discharging. The corresponding mechanism of intercalation reaction
is similar to the mode of intercalating K+ into graphite.[56] Therefore, relatively small volume
expansion is realized at this stage of potassiation so that the structural integrity is well maintained.
Because conversion reactions do not involve, the insertion and extraction kinetics of K + is much
faster and the reversibility of phase transformation should be higher.

Figure 2.13. (a) In-situ XRD image plots, (b) corresponding discharge/charge curves, (c) intensity
evolution of the (002) diffraction peak and (d) schematic illustrating structural evolution of TiSe 2
upon potassiation and depotassiation. (e) Rate capability and (f) cycling behavior of TiSe 2 over the
voltage window of 1-3 V. Reproduced with permission.[49] Copyright 2019, Elsevier.
For example, Wu’s group employs two-dimensional layered MoS2 as a host material for
potassium ion intercalation within the electrochemical window of 0.5-2 V.[56] According to CV
results and XRD characterizations, a stable stoichiometric K + intercalation compound, K0.4MoS2, is
able to store potassium through highly reversible K + intercalation and de-intercalation reactions in
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the electrolyte of 0.5 M KPF6 dissolved in propylene carbonate (PC)/ethylene carbonate (EC)
(VPC/VEC=1:1). This compound generates at the first stage of potassium intercalation (around 1.02
V). The further intercalation process occurring at ~0.8 V leads to the formation of K xMoS2 (x>0.4),
of which the continuous accumulation can induce the degradation of MoS 2 to potassium sulfides
(KxS), making MoS2 lose its structural stability. Thus, the discharge depth is set to be 0.5 V to ensure
only K0.4MoS2 as the discharge product participates in the following redox reactions. In contrast to
MoS2, K0.4MoS2 exhibits a quite limited expansion of 34 % along c-axis in potassiation state, even
less than K+-intercalated graphite (~67%). The excellent preservation of structure endows this
compound with a very steady cycling behavior, namely, a reversible specific capacity of 63.8 mAh
g-1 is retained after 200 cycles, with a capacity retention of 97.5%. The discharge/charge profiles
are almost overlapped during the cycling and the corresponding Coulombic efficiencies (CEs) are
always above 99.2 %, well illustrating the high reversibility. In addition, Shu’s group reported that
pretreated commercial TiSe2 could be used as an insertion-type anode for PIBs.[49] They employ insitu XRD to carefully investigate the potassiation and depotassiation mechanisms of TiSe 2 in the
voltage range of 1.0-3.0 V (Figure 2.13a,b). The unrecoverable (002) peaks ascribed to TiSe2
evidence that the insertion of K+ into the vacant space between van der Waals layers of TiSe2 leads
to the separation of TiSe2 accompanying phase transformation instead of lattice strain at the initial
cycle. The first discharge process to 1.0 V enables the formation of K0.8TiSe2 and then K0.24TiSe2 is
produced after fully recharged to 3.0 V, resulting in some capacity loss during this incomplete
depotassiation. This newly formed phase of K0.24TiSe2 can serve as a stable K+-intercalated host
material for reversible potassium storage in 0.8 M KPF6 in diethylcarbonate (DEC) and EC
(VDEC/VEC=1:1) electrolyte. A periodic variation between K 0.24TiSe2 and K0.8TiSe2 proceeds in the
following cycles, as shown in Figure 2.13c,d. Fast reaction kinetics (72.6 mAh g-1 at 0.75 C and
38.3 mAh g-1 at 16 C) coupled with decent cycling stability (300 cycles at 2 C) are synchronously
achieved in this case (Figure 2.13e,f). After solving the irreversible capacity loss by pretreated
cycles, TiSe2 (K0.24TiSe2, more precisely) is matched with pretreated Prussian blue to construct a
full-cell PIB with high initial Coulombic efficiency (ICE) and stable cycling performance.
However, it is noteworthy that the cycling stability is improved at the sacrifice of specific capacity
under this circumstance. Approximately at least 2/3 capacity for potassium storage is contributed
from the conversion and alloying reactions of metal chalcogenides.[52] Limiting discharge depth into
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the stage of intercalation reaction cannot take advantage of this dominant portion of theoretical
capacity. It also needs to point out that the relatively high discharge voltage plateau of intercalation
reactions will decrease the working voltage and energy density of assembled full-cell PIBs.
2.3.2.2 Nanostructure Engineering
Considering that the intrinsic low electric and ionic conductivity in bulk structure has already
become one of the most critical difficulties that hinder metal chalcogenides toward efficient
potassium ion host materials at high rates, nanostructure engineering should be an effective strategy
to greatly promote their reaction kinetics due to the quantum confinement effect, which means a
distinctly higher utilization of active materials and a larger potassiation/depotassiation depth. [57]
Besides, constructing nanostructures not only helps shorten ion diffusion pathways and facilitate
electron transfer, but also self-accommodates volume change during discharge and recharge cycles,
alleviating the electrochemical collapse caused by mechanical stress. As a result, the potassium
storage capability of nanostructured metal chalcogenides has been significantly enhanced especially
in terms of capacity and cycling performance.
Numerous specially designed metal chalcogenides-based nanostructures have been successfully
synthesized until now, with wide coverage from nanoparticles (zero-dimensional, 0D), nanotubes
(one-dimensional, 2D), nanosheets (two-dimensional, 2D) to interconnected porous networks
(three-dimensional, 3D). The preparation methods mainly involve hydrothermal/solvothermal
growth, chemical vapor deposition (CVD), high-temperature calcination, hard/soft-template
assistance, and their combinations.
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Figure 2.14. (a) Schematic illustrating the fabrication procedure, (b) SEM and (c) HRTEM images
of NCNF@CS-6h. (d) The selected charge/discharge profiles at 0.2 A g-1 and (e) long-term cycling
stability at 2.0 A g-1 of NCNF@CS-6h for PIBs. Reproduced with permission.[50] Copyright 2018,
Wiley-VCH. (f) Synthesis process, (g) SEM and (h) HRTEM images of the porous MoS2/N-dopedC tube. (i) Cycling performances and rate capability of pure MoS 2 and MoS2/N-doped-C tube.
Reproduced with permission.[58] Copyright 2018, Wiley-VCH.
Wang’s group has performed several interesting works related to this research direction. Firstly,
they prepared a flexible free-standing anode consisting of metallic octahedral CoSe2 threaded by Ndoped carbon nanotubes for PIBs through solvothermal growth and selenylation (Figure 2.14a).[50]
These octahedral CoSe2 nanoparticles with an average size of 150-200 nm are highly dispersed
along the carbon tubes in sequence, allowing adequate void space between each other to buffer the
volume expansion upon potassiation and improve the structural stability during cycling (Figure
2.14b,c). Benefit from the synergistic effect of the fast electron transfer of nanosized CoSe2 itself
and the unique hierarchical structural advantages of composite, this free-standing CoSe2-based
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framework demonstrates a superior electrochemical performance when tested as PIB anodes in 0.8
M KPF6+DEC/EC (v/v=1:1) electrolyte. A stable reversible capacity as high as ~296 mAh g-1 can
be delivered by this hybrid anode at 0.2 A g-1, with above 2/3 capacity contribution originated from
the voltage range below 0.5 V (Figure 2.14d). When the current density increase from 0.2 to 2 A g1

, it still can exhibit a high capacity retention ratio of ~68 %. What is more attractive is its excellent

long-term cycling stability. The electrode can steadily operate for 600 cycles at 2 A g -1, showing
negligible capacity loss even after the last cycle (Figure 2.14e). Furthermore, the phase
transformation of CoSe2-Co3Se4-(Co3KSe4+CoSe)-(Co+K2Se) is explained as the detailed
potassiation procedure via first-principle calculations. Next, a unique nanostructure of bamboo-like
hollow MoS2/N-doped C tubes was reported by their group, as displayed in Figure 2.14f.[58] These
hybrid tubes mainly consist of the MoS2 component (~75%wt). Interestingly, the distance of
adjacent (002) lattices of MoS2 reaches 10 Å in the tubes owing to the existence of carbon
interlayers, proven by Figure 2.14g, h. The expanded MoS2 layers with abundant defects can provide
more active sites for potassium storage as well as more channels for ion diffusion, which is of
significance for reducing ion migration energy barrier and then facilitating reaction kinetics. The
special 1D hollow microstructure endows the composite with high stability, given that the
mechanical stress can be gently released because volume change is along the tube walls. The high
capacity of 451 mAh g-1 coupled with outstanding cycling stability (74% capacity retention after
1000 cycles) is the evidence supporting the above favorable features (Figure 2.14 i, j). It is worth
noting that even the scan rate comes up to 1.1 mV s-1, faradaic pseudo-capacitance contributes to 73
% capacity, which is different from the situation (> 90 %) in carbon-dominant materials. They also
employ density functional theory (DFT) calculation to illustrate the merits of K+ adsorption in MoS2
with N-doped C interlayers compared with MoS2 bulk. A further modification to construct 3D
interconnected MoS2 networks has been further implemented by Wang’s group. [45] The nano-roselike MoS2 anchored on reduced graphene oxide (rGO) was facilely fabricated by a one-step
hydrothermal method. The chemical Mo-C and Mo-O-C bonds guarantee the intimate interfacial
connection between MoS2 and rGO. Simultaneously, the 3D interconnected networks provide
abundant electron transfer and ion migration channels and alleviate the agglomeration of 2D
nanosheets caused by van der Walls interaction during cycling. The above features enable this nanorose-like MoS2 to perform an outstanding rate and cycling behavior. More surprisingly, only 46.2
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% capacity is contributed by pseudo-capacitance even at 1 mV s-1, giving an explanation to the high
capacity retention at high rates on account of the fact that diffusion-controlled bulk conversion
reactions offer much larger capacity compared to surface pseudo-capacitance.
Of course, it also deserves to highlight several other representative works. Guo’s group utilized
hollow carbon spheres as a hard template to directly anchor few-layered V5S8 nanosheets on the
surface through solvothermal growth and the following phase transformation via high-temperature
annealing.[47] On one hand, the 2D ultrathin structure greatly shortens the ion transport pathway,
enabling a faster conversion reaction. On the other hand, ultrathin V 5S8 nanosheets can be tightly
pinned onto carbon nanospheres and self-confine the volume change, enhancing the structural
stability and preventing the aggregation of nanosheets. Hence, a high reversible capacity of 645
mAh g-1 can be delivered at 0.05 A g-1 and around 190 mAh g-1 is retained after 1000 cycles at 2 A
g-1 without obvious capacity decay compared with the initial cycle. In addition, the capacity of 153
mAh g-1 at 10 A g-1 achieved by V5S8/carbon hollow spheres is the best rate capability among all
reported metal chalcogenides-based PIB anodes up to now. The original investigation of Sb2S3
nanosheets for PIBs has also been conducted by Guo’s group. [59] They produced few-layered Sb2S3
nanosheets with few amorphous carbon coatings via solution-triggered one-step shear exfoliation of
Sb2S3 bulk in water/ethanol solvent. The as-prepared Sb2S3 nanosheets deliver a large reversible
capacity of ~500 mAh g-1 at 0.05 A g-1 and demonstrate a better cycling performance in
KSiF6+EC/PC (v/v=1:1) electrolyte, compared to Sb 2S3 bulks. The main reason for the difference
lies in the fact that soft 2D microstructure of Sb 2S3 nanosheets not only boosts ion diffusion along
short pathways but also enables the reversible recovery to original structure by buffering and selfaccommodating the volume change, while bulk Sb2S3 is easy to suffer from cracks and pulverization
during cycling. Besides, Lu’s group synthesized a flower-like nanostructure assembled by
MoSe2/N-doped carbon nanosheets (MoSe2/N-C).[60] Only little amorphous N-doped carbon layers
are attached to MoSe2 nanosheets. In contrast to pure MoSe 2 blocks, MoSe2/N-C shows obviously
higher and more stable capacities during cycling, sufficiently elucidating the superiority of
nanostructure engineering. Xia’s group reported a novel kind of PIB anode material which consists
of few-layered SnS2 supported on rGO.[53] Similarly, nanostructured SnS2 architecture demonstrates
a higher reversible capacity of 448 mAh g-1 and longer working longevity up to 300 cycles. It should
emphasize that nearly 73% (325 mAh g-1) of the entire capacity is derived from the voltage range
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of 0.01-0.5 V, which is superior to that of most previously reported anode materials, spearheading
on the way toward high-energy-density full-cell PIBs to some extent.
Although the aforementioned typical works reveal the positive aspects of nanostructure
engineering, some unfavorable influence is worth our re-consideration as well. First of all, it is
recognized that nanosized active materials possess a low tap density, which means that a critical
performance index for industrial-grade products, the volume energy density of electrode, is hard to
guarantee. Secondly, nanostructured materials will expose more surface area while having higher
chemical activity at the same time. Therefore, how to generate a thin, stable, mechanically strong
and continuous SEI film with high ionic conductivity on materials surface remains a big challenge.
Thirdly, more SEI suggests more consumption of K+, leading to the unexpected increment of
irreversible capacity as well as the decline of ICE if without other modification techniques. Finally,
the problem of structural instability has not been addressed thoroughly in spite of the buffering
effect. For metal chalcogenides-based nanostructures, there is always lack of a physical or chemical
barrier to prevent active components from pulverization.
2.3.2.3 Confinement by Carbon Nanophases
Because of its high structural stability and light weight, carbon nanophases have already been
utilized to combine with metal chalcogenides to constitute some novel composites for various
applications that propose rigorous requirements on structural stability. Fortunately, this traditional
modification strategy ever designed for LIBs and SIBs is also effective for PIBs to improve their
electrochemical performance. On one hand, carbon nanophases can play a role of soft barrier to
confine the volume change and self-aggregation of metal chalcogenides during potassiation and
depotassiation, significantly enhancing the tolerability against structural damage. On the other hand,
carbon matrix is also able to supply high-speed electron transfer pathways for dispersed metalchalcogenides, improving the electro-conductivity of composites. Two forms of confinement by
carbon nanophases are mainly introduced into metal chalcogenides. One is to directly embed tiny
metal chalcogenides into carbon matrix, restricting the volume expansion by internal stress of
carbon, while another is to encapsulate metal chalcogenides in carbon nanophases with void space,
allowing controllable volume expansion within a restricted region.
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Figure 2.15 (a) Schematic for the synthesis, (b) TEM image and (c) cycling performance of
VSe1.5/CNF composite for PIBs. Reproduced with permission.[61] Copyright 2019, The Royal
Chemical of Society. (d) SEM and (e) TEM images of G@Y–S FeS2@C. (e) Cycling performance
of G@Y–S FeS2@C, G@FeS2@C, G@FeS2, and FeS2. Reproduced with permission.[62] Copyright
2018, Wiley-VCH. (i) Schematic illustration of the microstructure, (b) SEM image and (k)
galvanostatic charge/discharge profiles at 0.05 A g-1 of ZSC@C@RGO. Reproduced with
permission.[63] Copyright 2019, American Chemical Society.
Obviously, the former way is easier to be realized in terms of material preparation.
Electrospinning is widely used to construct such kind of composites where metal chalcogenides are
embedded in carbon. For example, Zhang’s group prepared graphene encapsulated FeS 2
nanoparticles embedded in carbon nanofibers (FeS2@G@CNF) through electrospinning and
calcination methods.[46] The introduction of graphene facilitates the uniform distribution of ultrafine
FeS2 nanoparticles in carbon nanofibers, with less FeS2 existing in the surface zone of nanofibers.
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When evaluated as anodes for PIBs, FeS2@G@CNF exhibits acceptable cycling stability of 680
cycles (~62 % capacity retention) even though some capacity decay has been observed within the
initial 100 cycles. Qian’s group uses a similar strategy to prepare ultrafine VSe 1.5 nanoparticles
embedded in carbon nanofibers.[61] These VSe1.5 nanoparticles are closely surrounded by disordered
carbon, which effectively confines the migration or aggregation of VSe1.5 during cycling, as can be
seen in Figure 2.15a,b. Although only the data of initial 100 cycles are given, the capacities are
always keeping at around 177 mAh g-1 at 1 A g-1 (Figure 2.15c). Zhang’s group specially designed
a 3D amorphous carbon-coated CoS/N-doped CNTs anchored on CoS-coated carbon nanofibers as
anode materials for PIBs through electrospinning, seed-assisted growth, in-situ CVD and hightemperature sulfuration.[64] Part of the CoS nanoparticles with an average diameter of ~20 nm are
encapsulated in the terminal of CNT and part of them are covered with amorphous anchored on the
surface of N-doped carbon nanofibers. Benefit from the space-confined effect, this electrode
demonstrates a stable capacity of nearly 400 mAh g-1 and decent cycling stability of up to 600 cycles
at 3.2 A g-1. Whereas, it is still found remarkable capacity decline during the first 100 cycles,
possibly due to the activation process as well as the collapse of unstable components without carbon
protection.
In contrast, the latter confinement by nanocarbon with void space seems to be more efficient in
maintaining the structural stability of composites during potassiation and depotassiation cycles,
despite the microstructure coupled with corresponding preparation procedure needs more innovative
and careful design. Yolk-shell structure is one of the most promising candidates in this kind of
modification strategy. It can provide suitable void space for metal chalcogenides to accommodate
their volume expansion but this expansion is seriously restricted in the “shell” protected area. Very
few mechanical stress caused by volume expansion will be imposed on carbon shell and
pulverization of metal chalcogenides will be significantly alleviated within the nano-confined space.
Thus, the structural stability coupled with ion/electron transfer kinetics of the whole composite are
highly improved. An impressive work reported by Guan’s group is worth highlighting here. [62] They
synthesized a yolk-shell FeS2@C nanostructure anchored on graphene matrix. The controllable
volume change of FeS2 happens inside the carbon shell while the intercrossed graphene connects
those yolk-shell FeS2@C units to ensure the high conductivity and enough structural stability,
shown in Figure 2.15d e, g. When tested in 1M KPF6+EC/PC (v/v=1:1) electrolyte, the composite
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delivers a stable capacity of around 100 mAh g-1 during 1500 deep cycles at the high rate of 5 A g1

(Figure 2.15f,h). Also conducted by Guan’s group was a 0D/2D hybrid structure comprising yolk-

shell NiSx@C embedded in carbon nanosheets (Y-S NiSx@C).[65] Numerous NiSx@C and carbon
nanocages units with an average size of ~30 nm are homogeneously embedded in carbon nanosheet
matrix. Under the double protection of carbon “shell” and carbon nanosheets, Y-S NiSx@C achieves
ultralong cycling stability of 8000 cycles and the capacities are always keeping at approximately
130 mAh g-1, surprisingly. Their unique microstructure is well maintained after cycling tests. Not
limited to this, Bao’s group designed another double protective structure for ZnS where the hybrid
microspheres assembled by ZnS nanorods and amorphous carbon coating are sandwiched between
rGO layers.[63] There are enough voids between ZnS/C microspheres and rGO substrate to buffer
the volume expansion of ZnS. The amorphous carbon coating as the first protective layer to hold
ZnS nanorods together like binders while the second protective rGO layers limit the aggregation or
pulverization of ZnS/C microspheres and offer fast pathways for electron transfer, as illustrated in
Figure 2.15 i, j. Hence, stable cycling behavior of over 300 cycles displayed in Figure 2.15k has
been recorded after the first several cycles of activation.
Accordingly, the strategy of confinement by carbon nanophases shows better feasibility in
improving the electrochemical performance of metal chalcogenides, especially the long-term
cycling stability at high rates. It is still worth noting that the excess consumption of K+ for SEI
formation leads to an obvious decrease of ICE, on account of the introduction of porous or
amorphous carbon nanophases. Moreover, metal chalcogenides commonly exist in carbon
nanophases in the form of nano-sized structures, inadequate tap density is another issue that we
should concern.
2.3.2.4 Ternary Alloying
The ternary alloying method is a new concept for metal chalcogenides modification proposed in
recent years. It can take care of both the aforementioned dilemmas on tap density and
electrochemical performance. The main purpose of this category of modification is to richen
vacancies, adjust electronic structure and optimize physical properties in metal chalcogenides by
introducing third-party cation (metal atoms) or anion ions (chalcogens), which helps induce more
active sites, facilitate reaction kinetics and alleviate structural vibration of ternary metal
chalcogenides.
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Figure 2.16. (a) STEM, (b) HRTEM and (c,d) magnified HRTEM images of MoSSe. (e)
Charge/discharge profiles at the 5th cycle, (f) rate capability and (g) cycling performance for MoSe2,
MoSSe, and MoS2. Reproduced with permission.[66] Copyright 2019, American Chemical Society.
Guo’s group pioneers the design, synthesis and structural/electrochemical investigations of
ternary metal chalcogenides which are adaptable for PIB anodes. They firstly fabricated MoS 2(1x)Se2x

alloys (x=1, 0.75, 0.5, 0.25 and 0) by replacing Se atoms with S atoms in MoSe 2 nanoplates

via a facile alloying approach.[66] An S/Se ratio of nearly 1:1 endows the alloys with the largest
vacancy concentration. These vacancy sites not only boost the electron transfer but decrease the K +
adsorption energy barrier and alleviate structural change during cycling (Figure 2.16a-d). When
used for PIB anodes, MoSSe alloy delivers a high reversible capacity of 517.4 mAh g -1 at 0.1 A g-1
as well as good cycling stability (220.5 mAh g-1 after 1000 cycles at 2 A g-1), which are certificated
by the electrochemical performances shown in Figure 2.16 e-g. They also prepared another ternary
metal chalcogenides (SnSb2Te4) through the substitution of cation ions.[67] To improve the electric
and ionic conductivity of p-type topological insulator SbSb2Te4, it is designed to be nanodots
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dispersed into few-layered graphene substrates by a facile ball-milling method. The reaction kinetics
is accelerated by the PN heterojunction and the conductive topological surface so that excellent
potassium storage is delivered in 1M KFSI+ DMC electrolyte. Furthermore, Wang’s group also
reported a few-layered ternary chalcogenides Ta2NiSe5 nanosheets for PIBs.[68] Ion-intercalationmediated exfoliation enables these Ta2NiSe5 nanosheets with an expanded interlayer distance of 1.1
nm as well as abundant Se sites exposed from NiSe4 and TaSe6 octahedra clusters. The above
features are favorable for potassium storage so that they can demonstrate a large capacity of 315
mAh g–1 with a moderate ICE of 70%, decent rate capability (121 mAh g –1 at 1 A g–1) and stable
cyclability (81.4% capacity retention after 1100 cycles).
Ternary alloying seems to be a very promising modification strategy for metal chalcogenides on
basis of known research findings. However, current investigations on their categories, physical
structures, and electrochemical mechanisms are far from adequate. It is believed that more suitable
ternary metal chalcogenides for high-performance PIBs will be developed if more insights are
devoted in this direction.
2.3.2.5 Dilemmas Facing Metal Chalcogenides
Despite quite a few metal chalcogenides have proven to be electrochemically active when
employed for potassium storage, it does not mean that there is no scientific issues and technical
hurdles before discussing the feasibility of metal chalcogenides for practical PIBs and other Krelated energy storage systems.[32] These dilemmas facing current metal chalcogenide anodes can
be mainly concluded as the following aspects:
(1) For the majority of metal chalcogenides (mainly indicating sulfides/selenides), potassium
poly-chalcogenides are inevitable to generate during the deep potassiation process (discharge
voltage cut-off: 0.005V), which may result in detrimental shuttle effect as what occurs in Li-S
batteries. The parasitic reactions between highly reductive potassium metal (in PIB half-cells or
other systems with potassium metal anodes) and potassium poly-chalcogenides produce K2C film
depositing on the metal anode surface, which blocks the channels for K + diffusion, thus dramatically
decreasing the capacity within the initial cycles and even shutting down the battery suddenly. This
is also a potential disadvantageous factor for PIB full-cells which do not employ potassium metal
as anodes, because cathode materials commonly exhibit a certain degree of reducibility.
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Simultaneously, affected by the above unfavorable factors, the evaluation deviation of potassium
storage capability via half-cell methods undoubtedly imposes further burdens on matching capacity
of anodes and cathodes for full-cell PIBs.
(2) Huge volume change and incompletely reversible phase transformation during
discharge/charge cycles lead to serious structural instability for metal chalcogenides. Obviously, on
one hand, incompletely reversible redox reactions result in the loss of some active components
during depotassiation processes and hence, the reversible specific capacity is gradually downward
in the following cycles. On the other hand, the tremendous volume change is the chief culprit that
gives rise to the pulverization of active materials and even the exfoliation from current collectors so
that more and more electrochemically inert ingredients are accumulated within the electrode. This
is the dominated reason why most present metal chalcogenides demonstrate unsatisfactory cycling
stability.
(3) The intrinsically limited electric and ionic conductivities hamper both the electron
transportation and K+ diffusion in bulk metal chalcogenides, leading to a sluggish reaction kinetics
as well as a low utilization efficiency of active sites. As a result, large electrochemical polarization
and remarkable capacity decay are easily observed in the measurements at high rates.
(4) An unstable solid electrolyte interphase (SEI) is another difficulty that needs to be addressed
urgently for metal chalcogenides. The significant volume expansion and shrinkage during cycles
destroy the generated SEI film in the former stage and those newly exposed metal chalcogenides
have to react with K+ to form new SEI coated on their surface. The repetitive
generation/disappearance of SEI results in the excess consumption of K +, thereby lowering the
Coulombic efficiency. Simultaneously, due to the high activity of potassium salt, traditional
electrolyte components for LIBs and SIBs seem to be not so much effective for PIBs. Although a
dozen groups of potassium salt and solvent have been attempted as electrolyte for PIBs, it still
remains a big challenge to construct an ideal SEI film integrated with high ionic conductivity,
enough mechanical ductility and strength, and satisfying chemical stability, especially for a certain
category of anode materials.
2.3.2.6 Optimization Strategies for Metal Chalcogenides
On the way to pursuing suitable metal chalcogenides for PIBs with excellent long-term cycling

34

stability at high rates, numerous efforts have been devoted to materials modification. Benefit from
those inspirations derived from LIBs, quite a few metal chalcogenides-based nanostructures and
nanocomposites have been specially designed and synthesized, of which the potassium storage
capabilities are significantly promoted. For convenient comparison, the electrochemical
performance of typically modified metal chalcogenides for PIBs has been concluded in Figure
2.17a.[45, 47, 49, 50, 53, 60-70] On basis of these data, it can reach an agreement that there is still large space
for metal chalcogenides toward large capacity, low discharge voltage, and long-term cycling
stability. Generally speaking, current modification strategies mainly consist of four categories:
limitation of discharge depth, nanostructure engineering, confinement by carbon nanophases and
ternary alloying. In the following discussion, the advantageous and disadvantageous features of each
strategy are exemplified using recent impressive works.
Besides, we also propose a road map for future development directions of metal chalcogenides
before discussing the impressive modification works. As can be seen in Figure 4b, we define two
concepts of “inner design” and “outer design” for promotion strategies. The inner design is to select
the most favorable electrolyte components and cyclic conditions for a certain kind of metal
chalcogenides, constituting the most adaptable couples. The outer design is to change material’s
properties or construct targeted SEI, overcoming the intrinsic weakness of metal chalcogenides by
artificial solutions. These two strategies will make significantly positive effect on the
electrochemical performance of PIB anodes.[71, 72] Meanwhile, computational simulations [73-75] and
in-situ characterizations

[76]

will help understand the underlying potassiation/depotassiation

mechanisms, promoting the development of metal chalcogenides toward high-performance PIB
anodes that are suitable for industrial production. Of course, better performance means more
compatible interfaces (anode/SEI and SEI/electrolyte, unclear at the present research stage) exist in
the PIBs, into which the investigation, in turn, accelerates the advance of system design. [77-82]
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Figure 2.17 (a) Summary of electrochemical performances of representative metal chalcogenides-based
materials for PIB anodes reported to date. (b) Future research focuses on metal chalcogenides for PIBs.

2.4 Other components of PIB-electrolytes and binders
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2.4.1 Electrolyte
Electrolytes (salt in solvent) are a proper functioning component in electrochemical reactions and
the emerging potassium ion technology is no exception as well. Electrolyte in PIBs not only plays
a fundamental role in stable solid-electrolyte interface (SEI) layer formation and a suitable operation
window for the depotassiation/potassiation, but also determines the PIB performance, in such
aspects as specific capacity and energy density as well as cycle life. When choosing suitable
electrolyte solutions for PIB application, the key features to be considered are as follows: (1) high
conductivity with low viscosity; (2) fast K+ migration rates; (3) high stability with high flash points
and high decomposition temperatures; (4) high electrochemical stability, (5) safety features, and (6)
low costs. In terms of cathode materials, desirable electrolytes should not decompose under higher
operational voltages either. In addition, K metal possess high reactivity with electrolytes (and other
cell components), affecting the performance of batteries and is regarded as the dominant reason for
the observed increase in polarization for electrodes in recent studies.[83, 84] Obtaining optimized
electrolyte compositions that satisfy all the above-mentioned requirements is extremely difficult,
however, selective electrode optimizations based on different applications is possible. And
currently, development for electrolytes of PIB cathodes has followed in the footsteps of LIB and
SIB development and can be divided into water-based and organic-based electrolytes
respectively.[85]

2.4.2 Aqueous electrolytes in cathode materials
Aqueous electrolytes have been extensively investigated by researchers due to advantages such
as low cost, non-flammability, and high conductivity with low internal resistances. And as early as
the 1980s, Neff et al.[86] found that electrodeposited PB thin films can intercalate with potassium
reversibly in KCl solutions. After this, Neff and others had tried to promote the results of this study
for utilization in battery electrodes, but limited loading amounts of active material had led to limited
cycling.[86, 87] Recently, Cui et al. [88, 89] discovered a new KNO3 electrolyte system in which copper
and nickel hexacyanoferrate (PBAs) electrodes could be cycled for thousands of times even under
high current densities. Similar results have also been observed for Prussian Green; a type of PBAs,
demonstrating a high reversible capacity of 121.4 mA h g−1 with a stable Coulombic efficiency of
98.7% in 1 M KNO3 in a deionized (DI) water solution. Furthermore, a stable cycle life of 1000
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cycles within a voltage range of 0.0-0.5V has also been demonstrated for CNT/Prussian Blue in 0.1
M KCl electrolyte.[90] In another study, Park et al.[91] used TiO2/α-MoO3 as an anode and potassiated
PB as a cathode to determine the kinetic parameters of potassium intercalation during the charge
and discharge process in 0.5 M KPF6 in deionized water. Notably, Wang et al.[92] reported an even
higher specific energy of ~ 65 W h kg −1 and a specific power of 1250 W kg −1 over hundreds of
cycles for PB analogues in a 0.5 M K2SO4 electrolyte. Despite these promising figures, however,
considering the output energy density, aqueous electrolytes are a poor choice for practical PIBs due
to narrow working voltage windows (about 1 V), which are restricted by the decomposition of water
because hydrogen/oxygen evolution occurs at a negative/positive electrode potential of ~ 0 V/1.23
V vs. standard hydrogen electrode (SHE). In addition, gas generation can cause serious safety issues
and degradation of performance. These are the main reasons why most commercial rechargeable
lithium batteries use organic-based (ester or ether-type) electrolytes instead of aqueous electrolytes.
Overall, water-based electrolytes can be used in aqueous KIBs if issues over water
oxidation/reduction can be solved or voltage limitations become acceptable [6]. More recently,
emerging “water-in-salt” electrolytes (such as potassium acetate (KAc)-based electrolytes) have
been found to expand working potential windows to 3.2 V, which allows for more materials to be
selected and opens more possibilities, but this requires more detailed investigations [102].

2.4.3 Non-aqueous electrolytes in cathode materials
Although aqueous electrolyte systems possess several advantages, non-aqueous-based
electrolytes (aprotic electrolytes) are more promising for PIBs because their operational potential
windows are typically in the higher range of 2.5 to 4.0 V. These enlarged voltage windows not only
provide significant energy/power output densities, but also allow for the reconsideration of various
materials that have been intensively investigated for LIBs and SIBs. Similar to water-based
electrolytes, organic electrolytes typically consist of a conducting salt dissolved in various organic
solvents and the general composition of most potassium electrolytes are based on a solution of
potassium salts in a mixture of two or more solvents. This is because individual solvents do not
possess diverse enough configurations to satisfy the different requirements of a battery. We illustrate
some parameters of commonly used solutes and solvents in organic electrolytes in Table 2.1 and
2.2, along with corresponding abbreviations for better understanding. Unlike water-based
electrolytes, however, concerns such as higher costs, capacity degradation, lower conductivity and
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safety issues related to volatility, toxicity, and flammability need to be considered in the use of
organic-based electrolytes for commercial PIBs. Moreover, the purity of salts and solvents, the selfdischarge problems and the water sensitive characteristics of organic electrolytes need to be
considered in the fundament research of PIBs.[93] In this section, various types of common nonaqueous electrolytes will be carefully reviewed.
Table 2.1 Critical parameters of current organic solvents in battery systems.

Type

Status

Solvent

Melt
Point
Tm/°C

Boiling
Point
Tb/°C

Flash
Point
Tf/°C

Viscosity η
(25 °C )/cP

Esterbased

Cyclic

Ethylene
carbonate (EC)

36.4

248

160

1.90 (40°C)

Propylene
carbonate (PC)

-48.8

242

132

2.53

Diethyl carbonate
(DEC)

-43

125-126

31

0.75

Dimethyl
carbonate (DMC)

2-4

86-89

16

0.59 (20°C)

Ethyl methyl
carbonate (EMC)

-55

107

23

0.65

Cyclic

1,3-Dioxolane
(DOL)

-95

75-76

-3

0.59

Chain

Dimethoxyethane
(DME)

-58

85

-2

0.46

Diglyme (G2)

-64

162

57

1.88

Tetraglyme (G4)

-30

275-276

141

3.69

Chain

Etherbased

2.4.4 KPF6 in ester-based solution
As indicated in Table 2.1, aprotic electrolyte contains EC/DEC as the solvent and KPF 6 as the
salt, are being extensively used as cathode materials for PIBs. This is mainly due to the sophisticated
awareness and technology previously developed in LIBs and SIBs, along with superior dielectric
ingredients, high flash and boiling points of EC, and low melting point and viscosity of DEC. For
layered transition metal oxide materials, 0.7 M KPF6 in EC/DEC have been found to be
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electrochemically active for P2-type K0.6CoO2, and multiple phase transitions have been
successfully observed in this type of electrolyte.[94] In addition, similar P2-type layered K0.6CoO2
microspheres have also been reported with better capacities and reversibility, which the researchers
attributed to optimized structures.[95] Furthermore, researchers have also reported that these
electrolytes (0.9 M KPF6 in EC/DEC) can enhance performances because ionic conductivities
increase with salt concentrations (when concentration under 1M)

[96]

and similar observations can

be found on organic cathode materials in PIBs.[97] However, Komaba et al.[84] and Passerini et al.[98]
discovered that 1 M KPF6 were not able to completely dissolve into EC/DEC, resulting in whitecoloured dispersions with concentrations below 1 M. Here, the researchers attributed this to the large
ionic size and weak Lewis acidity of potassium ions as compared with Li and Na ions. This is also
the cause of lower interaction effects and desolvation energies in EC/DEC solvents, leading to
insufficient solubilities of K-salts and limited ionic conductivities.[85] And although the
concentrations of KPF6 in EC/DEC can reach 1 M or higher at particular temperatures, physical
properties (viscosity, conductivity, etc.) are affected, and these high temperatures are beyond the
range of practical interest. Researchers have however reported that KPF 6 can completely dissolved
in EC/PC or EC/DEC/PC to form 1 M solution, which might be the result of the high dielectric
constant of PC.[99]
Working potential windows are critical for the composition of electrolytes and regardless of the
concentration or type of solvent, KPF6 is able to work under a broader working potential window.
For

example,

Komaba

et

al.[100]

demonstrated

that

two

high

voltage

PBAs,

K1.75Mn[FeII(CN)6]0.93·0.16H2O (K-MnHCFe) and K1.64Fe[FeII(CN)6]0.89·0.15H2O (K-FeHCFe),
can work well in KPF6 based electrolytes in which K-MnHCFe provided an oxidation peak near 4
V, whereas the corresponding reduction peaks were located at 3.81 and 3.92 V in 0.7 M KPF 6 in
EC: DEC electrolyte. The researchers also reported that the oxidation peak of K-FeHCFe reached
4.13 V in the identical electrolyte. Furthermore, two successive cathodic peaks located at 3.85 and
4.38V were observed in the KVP2O7 (polyanion type) cathode. And if the high cut-off potential was
limited to 5.0 V versus K/K+, the researchers found that these types of materials can deliver stable
and continuous capacities in 0.5 M KPF6/EC: DEC.[101] These results are interesting because EC:
DEC solvents are reported to undergo oxidative decomposition at more than 4.9 V versus Li/Li +.
More recently, Zhang et al.[102] reported that K3V2(PO4)2F3 cathodes possess a high average voltage
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of 3.7 V with a capacity of ~100 mA h g-1 in 1M KPF6 in EC/PC electrolyte, and that even in K-ion
full cells, K3V2(PO4)2F3 matched well with graphite anodes in this type of electrolyte, and provide
an assembled 3.4 V-class PIB with decent performance.
Table 2.2 Chemical and physical properties of various potassium salts in battery systems.

Potassium salt

Molecular
weight g/mol
125.91

Al foil
corrosi
on
No

Water
insensiti
ve
Yes

Potassium
tetrafluoroborate
(KBF4)
Potassium
perchlorate (KClO4)

Solubility
(20 °C)

138.55

N/A

Yes

Potassium
hexafluorophosphate
(KPF6)

184.06

No

Yes

Soluble in
water(negligible,
25°C ), ester and
ether

Potassium
trifluoromethanesulfon
ate (KCF3SO3)

188.17

N/A

No

Soluble in water

potassium
bis(fluoroslufonyl)imid
e
(KFSI, KF2NO4S2)

219.22

Yes
(High
Voltage
)

No

Soluble in ether and
ester

Potassium
bis(trifluoromethane
sulfonyl) imide
(KTFSI, KC2F6NO4S2 )

319.14

Yes
(High
Voltage
)

No

Soluble in water,
ether and ester

Soluble in water
(negligible), ester
and ether
Insoluble in water
and ether (25 °C)

2.4.5 KFSI in ester-based solution
Since the low solubility of KPF6 has negative influences on ionic conductivity, the identification
of suitable electrolytes that enable sufficient concentrations of potassium to deliver high ionic
conductivity is required. Compared with KPF6, KFSI shows high solubility (1.0−1.5 M) in
commonly used EC/DEC

[103]

and even in PC/FEC solvents.[104] In the formula of FSI anions, the

strong electron-withdrawing feature of the fluorosulfonyl group along with the conjugation between
them and the lone electron pair on the N can allow FSI anions to be well delocalized.[91] As a result,
KFSI salts dissolve exceptionally well, even in low dielectric solvents, indicating good ionic
conductivity. For example, a type of layered potassium vanadate of K 0.5V2O5 was recently reported
by Zhu et al.

[103]

which exhibited a fast rate capability, excellent coulombic efficiency and good

cycling stability over 200 cycles in 1.5 M KFSI in EC/DEC electrolyte. Here, the researchers
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suggested that the 1st cycle coulombic efficiency can be improved by raising the high cut-off
voltage. In another example, Lee et al.[104] reported that 1 M KFSI PC/FEC electrolyte possessed
the lowest overpotential and improved redox kinetics as compared with 1 M KFSI in EC/DEC and
1 M KFSI in EC/DEC/FEC. Despite these promising findings however, FSI− anion can corrode Al
current collectors at potentials above ∼4.0 V vs. K/K+, which is an issue in application as a high
voltage electrolyte for PIBs.[105]

2.4.6 Ether based electrolyte
Unlike ester-based solvents, ether-based electrolytes have received much attentions, especially
for sulfides and two-dimensional (2D) materials in SIBs.[106] This is mainly because of their
characteristics such as low viscosity and corresponding high ionic conductivity. In addition, the
formation of dendrites appears to be effectively suppressed in these solvents, even at higher current
densities.[91] As a result, KTFSI/DOL/DME electrolyte exhibit much better cyclability and lower
polarization than KPF6/EC/DMC.[107] Chen et al.[108] also discovered that their 1.25 M KPF6/DME
electrolyte produced the highest ionic conductivity, even exceeding the conductivity of 1 M
LiPF6/EC/DEC and 1.25 M NaPF6/DME electrolytes. However, these ether-based electrolytes in
PIBs are still troubled by issues such as inferior capacity retention, especially during prolonged
cycling under high current densities. Another issue for ether-based electrolyte is their oxidative
decomposition on cathode surfaces under high voltages (about 4.0 V), whereas EC/DEC remains
stable up to 4.9 V.[91] Therefore, ether-based electrolyte are not the best choice for high voltage
cathode materials.

2.4.7 Other electrolytes and additives
Other K-conducting salts (KClO4 and KBF4) have also been reported to possess lower solubilities
in carbonated electrolytes such as EC/DEC and PC solvents,[84] but there has been little reported on
these salts. A recent study reported that the empirical molarity of KClO 4 in PC is only ~ 0.1 M, an
order of magnitude lower in concentration than those of LiClO 4 and NaClO4 in PC[109] and
Goodenough

et

al.[110]

recently

employed

saturated

KClO4

in

PC

with

a

K1.70Mn[Fe(CN)6]0.90·1.10H2O cathode material, but reported a large polarization potential range
from 3.56 to 4.26 V, which the researchers attributed to the low K + concentration in the electrolyte.
For previous LIB systems, although the working temperature range of LiBF 4 is higher than that of
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LiPF6, applications of BF4− anion salts (LiBF4) in LIBs are rarely reported because of inferior ionic
conductivities. However, the superior thermal stability of KBF4 in EC/EMC systems compared with
others may attract more attention to KBF4 in PIBs.[111]
The widespread use of FEC additive in SIB electrolyte can be generalized to PIBs because FEC
is able to form a stable SEI layer that inhibits further decomposition reactions in electrolyte.[85, 112]
For example, Komba et al.[100] employed 2 Vol % FEC and reported that the initial coulombic
efficiency of K-MnHCFe electrodes in a half-cell can drastically increase to 90%. Nevertheless,
regardless of whether the induction of FEC into PIB electrolyte is sufficient enough to support stable
electrochemical performances or whether it can finally lead to higher polarization of cathode
electrodes, more researches are required. And in general, the main factors that are important in the
search for potential additives for practical PIBs are as follows: (1) facilitate the formation of stable
SEI/CEI on the surface of both the anode and cathode; (2) improve capacity and reduces gas
generation, not only in the initial cycles, but also for long-term cycle life; (3) expand the thermal
stability of aprotic electrolyte; (4) reduce the polarization and overcharge of cathode materials, and
(5) improve the physical properties of the electrolyte such as wettability, viscosity, ionic
conductivity, etc. In addition, additives should have similar properties to electrolytes as mentioned
above and excellent additives for LIBs and SIBs are good starting points for the early stage
exploration of additives for PIBs.

2.4.8 Cathode Electrolyte Interface (CEI) composites and structure
Similar to LIBs and SIBs, the properties of the surface or interface between the electrolyte and
the cathode at high voltages remain an issue for emerging PIBs. For example, the cathode electrolyte
interphase (CEI) layers of LiCoO2 in LIBs are similar to SEI layers (formed at the anode surface
side) and contain both inorganic components such as lithium fluoride and organic species such as
carbonates and oligomers/polymers.[91] For PIBs, however, the components of the CEI layer are
truly dependent on the composition of the materials and the electrolyte. And although the
electrochemical performance of cathodes are influenced by CEI compositions, few reports in
literature have paid much attention to this important area. Therefore, it is vital to fully understand
the fundamental facets of potassium systems before any potential KIBs can be achieved. Notably,
with increasing cycles or voltage increases, the thickness of CEIs will gradually change, as observed
in LIBs,[96, 113] and because of this, various in situ facilities, such as neutron diffraction, Raman
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spectroscopy, and X-ray photoelectron spectroscopy (XPS) are worthwhile for proper investigation
in the future.
In short, several recent and dominant trends in the progress on electrolytes for cathode materials
in PIBs have been discussed in this review and based on these discussions, KFP 6 in EC/DEC
solvents can be regarded as the most promising electrolyte system for high voltage cathode materials
(> 4.0 V) in PIBs. Difficulties also exist, however, such as the stabilization of CEI layers under high
operating potentials which require the application of higher voltage electrolytes and the substantial
corrosion of other solvent during exposure to Al foil which greatly restricts possible application in
high voltage PIBs. This latter issue is especially difficult because the role of Al as a current collector
is very hard to replace on a practical scale. Therefore, tremendous efforts need to be made to explore
various electrolytes which can decrease reactivity towards Al during battery operations through the
selection of optimal anionic structures and through the composition of different salts or solvents.

2.4.9 Electrolytes in anode materials
The electrochemical stability of electrolyte in batteries is usually achieved in a kinetic rather than
thermodynamic manner. This is not only important to the cathode side, but is also challenged by the
heavily reducing nature of the anode side. Salt dissolves in aprotic solutions through strong ion–
solvent interactions, and thus, the reduction voltage of electrolyte is always related to the
concentration, solvent polarity, and ion–solvent coordination. Because of this, electrolyte
compositions and anode materials have strong impacts on SEI layer properties of PIBs. As a result,
deeper understanding of SEIs in PIBs is required.
In one study, Ji et al.[114] investigated initial electrochemical K intercalation into commercial
graphite using 0.8 M KPF6 in EC/DEC electrolyte and reported that the low initial coulombic
efficiency (ICE, 57.4%) can be attributed to the formation of the SEI on the graphite surface. The
researchers stated that this is because the sloping region from 1 to 0.4 V only exists in the first
charge-discharge cycle. In addition, rising Coulombic efficiency (CE) values in subsequent cycles
also demonstrated that SEI layer formation occurs during the initial cycling. In another study, Hu et
al.[115] conducted CV analysis of coin cells consisting of graphite and potassium metal using 0.5 M
KPF6 in EC/DEC electrolyte and reported a very broad peak at around 0.75 V during the 1st
potassiation process, which they attributed to electrolyte decomposition and SEI formation.
Subsequently, Guo et al.[77] conducted a series of studies on anode materials in which they applied
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0.8 M KPF6 in EC/DEC electrolyte to find different anode candidates for possible application in
PIBs.[116] Recently, our group

[117]

revealed for the first time the SEI composition of carbon

nanocages in 1 M KFSI EC/PC electrolyte, in which well-dispersed K, F, S, and O elemental
mappings coming from the SEI component layers indicate the stable nature of the
electrode/electrolyte interface during cycling. Here, it was speculated that the stable SEI layer may
be responsible for the excellent performance of the carbon nanocages in PIBs. Additionally,
researchers have also shown that EC solvents in electrolytes have critical influences on SEI layers
because EC can protect the highly crystalline structure of graphite. [91] And unlike LIBs or SIBs
which use DEC as the solvent in electrolytes, Kang et al. [118] found that linear DEC is unstable for
carbon based anodes in K-ion systems, possibly due to the stronger reducibility of linear DEC
against anodes in KIBs, the decomposition of DEC is initiated by the bond breaking of C(H 2)–O
bonds in the solvent molecules.
As a result of further investigations into SEI manipulation in electrode materials, continuous
improvements in the electrochemical performance of alloy-based anodes through the tuning of
electrolyte salts (1 M KFSI and 0.8 M KPF6) in EC/DEC solvents have been made. For example,
researchers have found that FSI anions from KFSI can reduce to form stable SEIs to effectively
protect electrolytes against decomposition and modify surface passivation, resulting in better
electrochemical performances. Furthermore, studies have shown that 1 M KFSI in EC/DEC
electrolytes can effectively suppress potassium dendrite growth, whereas FEC additives can
accelerate potassium dendrite growth.[34] Additionally, uniform and robust SEI layers on potassium
surfaces were also reported to be capable of enabling reversible potassium plating/stripping with
high efficiency in KFSI DME electrolytes.[119]
And as a result of these promising findings, KFSI is one of the most promising potassium salts
for anode electrolytes for the fundamental research of KIBs, in which higher ionic conductivity,
solubility, ionic mobility, and thermal stability can provide uniform SEI layer morphologies and
stable electrochemical performances in different types of anode materials.

2.4.10 Solid-state and aqueous based electrolytes for PIBs
Currently, the adopted K+-conducting solid state electrolyte is the Beta-alumina solid electrolyte
and its first developed in the K-S battery system under 150 degrees. By using the potassium
polysulfide catholyte (S: K2S1.52, 83:17 mol %) in tetraglyme, this setup delivered a 402 mAh g −1
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capacity with the energy density of 677 Wh kg−1, approaching the performance of Na–S cell 473
mAh g−1, 677 Wh kg−1, respectively) operated at the same conditions. This study provided a highly
interesting example, however, the application of polysulfide catholyte, inferior ionic conductivity
(4.5 times lower than Na-BASE), and much higher price of K-BASE brings the cost concerns for
practical applications
For aqueous based electrolyte, Hu et al proposed a water based electrolyte for potassium ion
battery by using a 22 M KCF3SO3 water-in-salt electrolyte. The iron-substituted Mn-rich Prussian
blue cathode achieves 70% capacity retention at 100 C and a lifespan of over 10,000 cycles due to
the mitigation of phase transitions by Fe substitution. This demonstration paves the way for practical
applications of AKIBs for grid-scale energy storage.

2.4.11 Brief Summary
For LIBs, electrolytes and additives have been intensively studied for many years, most of which
have been by commercial battery manufacturers. For PIBs, however, research has not been as
prolific. Therefore, systematic studies into PIB electrolytes need to be intensified. Because
electrolytes act as ionic charge carriers which are necessary for electrochemical reactions to occur,
electrolytes with low ionic conductivity or high viscosity tend to produce inferior electrochemical
performances, especially on a practical utilization scale. Furthermore, ideal electrolytes should be
resistant to degradation into side products, which will result in uncontrolled formation of interface
layers that can lead to inferior transport, higher polarization, and loss of charge carriers, all of which
are factors contributing to rapid cell failure. Lastly, the function of additives in electrolytes needs to
be investigated closer, not only for current anode materials, but also for various promising cathode
materials.

2.4.12 Binders
Several recent studies have demonstrated that binders can play crucial roles in maintaining
electrode integrity, allowing for LIBs with excellent and stable electrochemical performances.[120]
This is also true for PIBs, in which aside from electrolytes, binders are an important external
component that are used to paste electrode materials onto current collectors (except for free-standing
materials) and must be considered as more than just something with which to hold electrode particles
onto current collector. For example, PVDF is a main binder for cathode materials because of its
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excellent chemical and electrochemical stability for long-time use (Table 2.1) in which it is
speculated that this is mainly because of the negligible volume change of the cathode electrode.
However, most recent studies have focused on water-based binders such as Na-CMC[103] and sodium
alginate[121] because the processing of slurries using PVDF requires expensive and toxic N-methyl
pyrrolidone (NMP). In addition, the observed defluorination from PVDF if polymers are attacked
by alkali hydroxides have negative influences on capacity and battery lifetime. Therefore, in
considering binder utilization for electrodes, certain factors must be taken into account: (1) binders
should have good adhesion to electrodes and current collectors; (2) binders should be able to entirely
coat the surface of electrodes to inhibit the formation of SEI layers and simultaneously facilitate K+
ion conduction; (3) binders should be mechanically strong to tolerate huge volume changes and (4)
binders should be stable in electrolytes. Therefore, based on these factors, carboxylic group
containing binders (CMC, PAA) should be good choices, because they can efficiently improve
adhesion between electrodes and current collectors in water solutions.[122] For example, Komaba et
al.[84] recently evaluated the electrochemical performance of graphite anodes with different types of
binders and reported that the introduction of Na-PAA and Na-CMC can reduce the consumption of
potassium for the formation of SEI layers, leading to high initial Coulombic efficiencies.
From our own perspective, in the case of cathode materials, the use of binders such as PVDF or
PTFE is ideal, whereas CMC, PAA, and sodium alginate can be further considered for anode-type
materials. However, the field of polymer chemistry is abundance with different polymers; some of
which conductive, that have yet to be tested as binders for electrode materials, making this an
interesting field for researchers to explore in the future.
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220.5 mAh g-1
after 1000 cycles
at 2 A g-1
350 mAh g-1 after
200 cycles at 0.5
A g-1
315 mAh g-1 after
50 cycles at 0.05
Ag-1;
116 mAh g-1 after
1100 cycles at 0.5
A g-1
253 mAh g-1 after
100 cycles at 0.05
A g-1;
230 mAh g−1 after
200 cycles at 0.2
A g−1;
212 mAh g−1 after
150 cycles at 0.5
A g−1
600 mAh g-1 after
10 cycles at 0.1 A
g-1;
353 mAh g-1 after
1000 cycles at 0.5
A g-1

Table 2. 3. Comparison of the synthesis, reaction mechanisms, test methods, electrolytes, initial Coulombic
efficiencies (ICE), initial specific capacities (ISC) for long-term cycling and potassium storage capability
for several typical metal-chalcogenide-based materials used as anode materials for PIBs.
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CHAPTER 3 EXPERIMENTAL DETAILS AND
CHARACTERIZATIONS ANALYSIS
3.1 Experimental details
In this task, the structural engineering protocol is used to develop high performance anode materials
for Lithium and potassium ion batteries by rationally engineering the related parameters of
materials, such as compositions and chemical bonds. The research works in this thesis launch
studying according to the following structure and procedures, as described in Figure 3.1.

Figure 3.1 The outline of procedures of developing high performance electrodes proposed in this
thesis.
Specifically, before the preparation of materials, a well-written conclusion should be made to the
current progress of electrodes in batteries by carefully reading the literature. Then, a series of
materials will be synthesized by hydrothermal methods, chemical vapour deposition (CVD), or
thermal treatment etc., and then characterized by using X-ray diffraction (XRD), Raman shift,
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Fourier Transform Infrared Spectroscopy (FT-IR), Thermal gravimetric analysis (TGA). After that,
the microstructures of proposed samples should be a better understanding by using Scanning
Electron Microscope (SEM) and Transmission electron microscope (TEM). To further
understanding the information of chemical bonds, X-ray absorption spectroscopy (XAS) will be
used by synchrotron radiation sources. In addition, the electrochemical performance would be well
understood by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and
galvanostatically charge/discharge tests. Followed by cycling and performance, the full cells will be
assembled by using suitable cathodes and electrolytes to evaluate the potential application in
practical areas. Finally, to gain the knowledge of the inner mechanism of electrodes in
electrochemical tests, density functional simulations and the in situ techniques, such as in situ XRD,
in situ FT-IR, and in situ Raman will be provided.

3.2 Chemicals
The listed chemicals in Table 3.1 are only for materials synthesis and electrodes preparation in this
thesis. All chemicals are purchased and used without further purification.
Table 3.1 Chemical lists
Chemical name

Formula

Purity / %

Supplier

Aluminum foil

Al

N/A

Canrd China

CR2032 coin cells

N/A

N/A

Canrd China

Carbon black

C

99%+

Alfa-Aesar

Copper foil

Cu

N/A

Canrd China

Celgard 2400

PP/PE/PP

N/A

Celgard

CTAB

99

Sigma

Carbon coated Al foil

C-Al

N/A

Canrd China

Carboxymethyl cellulose

CMC

99

Sigma

Diethyl carbonate

(C2H5O)2CO

Anhydrous, 99+

Sigma

Deionized water

H2O

100

ISEM

Cetyltrimethylammonium
bromide
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Dimethyl ether

(CH3)2O

99+

Ethanol

C2H5OH

100

Sigma
Q-store,
Au.

Ethylene carbonate

C3H4O3

Anhydrous, 99+

Sigma

Fluoroethylene carbonate

C3H3FO3

99+

Sigma

Graphite

C

100

Sigma

Graphene

C

99

XFNano China

Glass fiber film

GF-D/A

N/A

Whatman

Lithium iron phosphate

LiFePO4

100

Canrd China

Lithium plate

Li

100

Canrd China

LiPF6

99+

Sigma

Nb2O5

99+

Sigma

KC2F6NO4S2

99+

Alfa-Aesar

Germanium

Ge

100

Sigma

Germanium oxide

GeO2

100

Sigma

Poly (acrylic acid)

(C3H4O2)n

N/A

Sigma

Potassium hydroxide

KOH

100

Sigma

Potassium plate

K

100

Sigma

Propylene carbonate

C4H6O3

99+

Alfa-Aesar

C24H8O6

97

Sigma

Triphenyl antimony

Sb(C6H5)3

99

Sigma

Tetraphenyl germanium

Ge(C6H5)4

96

Alfa-Aesar

Tetraphenyl tin

Sn(C6H5)4

97

Alfa-Aesar

Urea

NH2CONH2

100

Sigma

Lithium
hexafluorophosphate
Niobium oxide
Potassium bis(fluoro
sulfonyl)imide

Perylene-3, 4, 9, 10tetracarboxylic
dianhydride
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3.3 Methodology
There are several engineering methods used in this thesis to synthesis and design the active
materials, one is the controlling nucleation of precursors in a closed vacuum space to engineer the
structure, and the other one is a thermal treatment-assisted technic to adjust the chemical bond. The
advantages and reaction conditions of those methods will firstly be discussed based on the previous
reports. Additionally, the specific parameters, such as structural and morphological properties for
each method will be summarised in the following part. Finally, the electrode preparation and test
information will be also provided.

3.3.1 The function of vacuum space in material design
The dominant factors can affect the morphology and properties of functional materials in chemical
synthesis are those of reagents, concentration, atmosphere, temperature, time, etc. [1] Among them,
the atmosphere plays an important role during the whole material preparation. For example, the
heteroatom doped carbon can be readily acquired by the thermal treatment under the flow of an inert
atmosphere in the closed tube furnace.[2] The doped carbon, however, is not available under identical
conditions when changes the inert atmosphere to air conditions. Interestingly, the transition metal
can be gradually changed to their counterpart oxides under the air atmosphere in an open Muffle
furnace.[3] In addition, vacuum space is also very useful when taking consideration of materials
synthesis.[4] There are some advantages of the vacuum space in material design: i) it is need not to
add other gas reagents to participate in the chemical reactions when under the vacuum condition
except the original precursor. ii) The closed condition provided by the vacuumed space is able to
deliver a minimum amount of precursor sacrificing. iii) The contamination degree of final products
during the experimental procedures is normally decreased.[5] Although only the singular effects of
vacuum on materials are discussed in this part, it should be immediately noted that the additional
occurrences on the material synthesis, such as time and temperature, can accelerate the reaction
progress or take any degradative mechanisms. For example, the increased temperature can vaporize
the precursors fast and rapidly make it decomposition with the breakage of chemical bonds. In the
typical synthesis (Figure 3.2a), the solid precursor was positioned in the center of the tube. Then the
tube was vacuumed by the pump at room temperature and sealed under a modest temperature.
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Figure 3.2 The schematic procedures in the vacuum space. a) The oxygen-acetylene kit used in
this thesis. b) The pristine tube without any other treatment. c) The tube sealed by the kit.

It should be noted that the amount usage of precursor should be optimized before the experiment
if the precursor can release gas components. Additionally, both time and temperature have a great
influence on the product via this method and this part will be discussed in the corresponding
experimental sections in chapter 4.

3.3.2 The function of hydrothermal methods in material design
Hydrothermal method is a very useful way to synthesis nanomaterials, such as oxides, [6] sulfides,[7,
8]

phosphides,[9] and carbon-based materials.[10] Hydrothermal is usually by the chemical reactions

in a sealed solution with precursors under increased temperature and pressure. The reactor generally
comes in the following way: Polytetrafluoroethylene (PTFE) or Teflon lined hydrothermal
autoclave reactor (Figure 3.3): outer high-quality stainless steel jacket and inner Teflon liner or
Teflon chamber. Generally, the reaction is carried out at a maximum of 220 degrees, while the safe
temperature is usually 200 degrees. When the reaction is conducted in an organic solvent, the
temperature should be decreased due to safety reasons.

Similar to the vacuum space, the composition, morphology, and structure of the final product can
be easily tuned by engineering the temperature, the amount usage of precursor, and reaction time.
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The solvents, pressure, pH values, or the existence of surfactants will significantly affect the crystal
phase, particle size, and dimensions of the target products. Therefore, in order to design and
synthesis the ideal materials for battery applications, those parameters and reaction conditions
should be carefully studied and considered in the whole preparation.

Figure 3.3 The schematic procedures in the hydrothermal methods.

3.4 Characterization analysis
3.4.1 X-ray powder diffraction (XRD)
As the most powerful instruments for phase identification of materials-such as such as salts, metals,
minerals, semiconductors, or amorphous phases, the X-ray powder diffraction (XRD) is a rapid
analytical technique and can provide information on unit cell dimensions. The targeted material is
finely ground, homogenized, and tested by the X-ray. These X-rays are generated by a cathode ray
tube and directed toward the sample. The interaction of the incident rays with the sample produces
constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ=2d sin θ).
Here n is an integer, λ is the wavelength of the beam, d is the spacing between diffracting planes,
and θ is the incident angle. Because the Bragg’s law relates the wavelength to the diffraction angle
and the lattice spacing of the analyzed materials, the possible phase of the materials can be identified
by an understanding of the detected pattern. All possible diffraction directions of the lattice should
be attained due to the random orientation of the powdered material by the X-ray scanning. The
identification of the materials will be easily achieved by the conversion of the diffraction peaks by
comparison of a specific value of d-spacing with standard reference patterns from the database.
Generally, an X-ray tube, a sample holder and an X-ray detector are the basic elements of an XRD
instrument. The advantages of the XRD are as follows: i) unknown phases can be rapidly identified
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in several minutes. ii) No contamination and damage occurred to the materials during the test, which
means the tested sample can be recycled. iii) Minimal sample preparation is required, and iv) XRD
units and date analysis are relatively straight forward without huge radiation for human beings.
However, the disadvantages still limit its further application, such as i) mixed or amorphous phases
are hard to identify. ii) The only ground powder can be tested. iii) The large detective limit (around
2%), and iv) The overlap peaks may occur for mixture phases. In this thesis, powder samples were
firstly loaded onto a holder and then tested by using the Cu Kα radiation, λ = 1.54056 Å.

3.4.2 Scanning electron microscopy (SEM)
Standard Scanning Electron Microscopy (SEM) can provide valuable structural information when
imaging samples in micro or nanometers. At the top of a typical SEM, there is a powerful electron
gun that shoots an electron beam down at the specimen holder. The electron beam can effectively
bounce straight off the specimen without traveling through it. The electrons that are reflected off the
specimen (known as secondary electrons) are directed at a screen, where they create a picture.
Generally, the energy dispersive X-ray spectroscopy (EDS/EDX) and electron backscatter
diffraction (EBSD) as powerful spectroscopic and microstructural-crystallographic techniques can
provide a whole additional level of insight of the materials, such as element distribution and contents.
Due to the limitation of accelerating voltage in SEM (below 20 kV), the resolution of the acquired
image is generally around 1 nm. In this thesis, the morphology and element distribution of samples
were firstly dispersed into the ethanol solution, then sonicated under the water bath for around 5
minutes, and finally tested by the SEM instrument-JEOL 7500FA, ISEM, UOW.

3.4.3 Transmission electron microscopy (TEM)
Standard transmission electron microscopy (TEM) is a widely used technique and a very powerful
tool other than the SEM in which a high energy beam (around 200 eV) of electrons is able to transmit
through the specimen to form an image. To gain more structural information of the materials, the
TEM can be used to observe atomic features such as the crystal structure, dislocations,
heterostructures, and grain boundaries. In addition, the TEM is still responsible for visual detection
of the growth of layers, composition, and defects in two/three-dimensional materials. More
importantly, the shape, size and density of particles, wires, plates and balls can still be observed
under the high-resolution mode. Although the TEM shares the basic principle with the traditional
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microscopy, the utilization of electrons in TEM can exhibit several orders of magnitude better than
it in light microscopy. Additionally, different from the preparation of specimens in SEM, most of
the specimens should be sonicated in ethanol first, then dropped into the lacey carbon films on
Copper. In this thesis, the applied TEM instrument is JEOL 2011, ISEM, UOW with conventional
LaB6 light sources. A maximum spatial resolution of 0.16 nm. The SiLi EDS detector enables
compositional analysis in TEM mode and it is ideal for routine TEM imaging and for sample
screening before analyzing samples in the advanced microscopies.

3.4.4 Scanning transmission electron microscopy (STEM)
A typical scanning transmission electron microscopy (STEM) is a conventional transmission
electron microscope equipped with additional scanning coils. To correct the bane of electron lenses,
scientists developed the spherical aberration, by using electromagnetic aberration correction. In this
thesis involved works, JEOL ARM200F is used, which equipped with a high-resolution pole-piece,
a cold field emission gun, and a Centurio energy dispersive X-ray spectroscopy (EDS) detector. The
rostering of the beam scans across the specimen makes it suitable for various conditions such as
mapping by electron energy loss spectroscopy (EELS), EDS, and annular dark-field imaging (ADF).

3.4.5 Raman spectroscopy
As a non-destructive chemical analysis technique, Raman spectroscopy can be used to detect the
vibration, rotation, and other movements of molecular in a chemical material, capable of probing
the chemical composition of materials. The Raman spectroscopy is an important section of the
infrared absorption spectroscopy (the more common vibrational spectroscopy used in the chemical
lab). In addition, Raman spectroscopy is based on an inelastic scattering process, whereas infrared
spectroscopy is based on an absorption process. This kind of technic has also yielded useful results
in the research of surfaces and of interfaces in low-dimensional structured materials, such as
graphene, layered oxides, and sulfides. For example, because of the amorphous nature of some
carbonous, there is no information from the XRD pattern. The disordered (D) and graphitic (G)
bands in carbon samples, however, can be easily detective in the range from 1000 to 2000 cm-1 in
the Raman shift. In this thesis work, Raman spectra of D and G bands of carbon and other species
were recorded by using a Raman spectrometer (Lab RAM HR, Horiba Jobin Yvon SAS) in the
Intelligent Polymer Research Institute (IPRI) of UOW.
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3.4.6 N2 adsorption/desorption diagram
The surface properties of materials are great of importance to their electrochemical performance,
especially the specific surface area and pore size distribution. To acquire those parameters,
adsorption/desorption isotherms of N2 are used and measured at 77 K by an N2 adsorption system
(used in this work is an automated apparatus ASAP 2010, designed by Micromeritics, USA) after
an evacuation process (Typically evacuated under 293K overnight). Based on the theory suggested
by Brunauer-Emmett-Teller (BET), the surface areas can be obtained. Additionally, the pore size
distributions can be calculated through the Barrett-Joyner-Halenda (BJH) method. The total pore
volumes of the samples under study were determined from single point adsorption at a relative
pressure of 0.98. All data collected from the adsorption isotherm.

3.4.7 X-ray Photoelectron Spectroscopy (XPS)
Except for the physical properties of the surface, the surface chemistry of a materials (such as the
elemental composition, formula, chemical state, and electronic state of the elements within a
material) is still important to be analyzed and those data can be herein obtained by using the X-ray
photoelectron spectroscopy (XPS) technique. As a surface analysis technique, it is with a sampling
volume that extends from the surface to a depth of approximately 50 to 70 Å. To characterize thin
films, XPS can be alternatively utilized for sputter depth profiling by quantifying matrix-level
elements. A significant feature of the XPS technic is one of the elemental analysis techniques, which
is unique in providing chemical state information of the detected elements, especially to identify the
element in an amorphous state. This surface-sensitive method for analyzing the elements on the
surface of a material that is present within 1 to 10 nm.

3.4.8 Electron paramagnetic resonance (EPR)
As a spectroscopic technique that is able to detect the materials with unpaired electrons, Electron
Paramagnetic Resonance (EPR) or Electron Spin Resonance (ESR) is a routine technic to identify
the free radicals, chemical states, and defects in species, especially in transition metal ions, etc.
Although other techniques such as fluorescence may provide indirect evidence for the detection of
free radicals, EPR can yield incontrovertible support of their presence. Furthermore, the EPR can
still provide evidence for the identification of the paramagnetic species. The EPR actually shares a
similar mechanism of the nuclear magnetic resonance (NMR), but it is electron spins that are excited
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in EPR instead of the spins of atomic nuclei in NMR. In this thesis, the EPR experiments were
carried out by using a Bruker ELEXSYS E580 spectrometer operating in the X-band (9.4 GHz)
mode and equipped with an Oxford CF935 helium flow cryostat with an ITC-5025 temperature
controller. For accuracy and homogeneity, A coal standard (g = 2.00285 ± 0.00005) was used to
calibrate the g tensors.

3.4.9 In-situ X-ray Diffraction (In situ XRD)
As a popular method to probe the phase transitions and crystal‐structure changes in the
electrochemical reaction process of electrodes during cycling, in-situ X-ray Diffraction has been
paid intensive attention. The synchrotron radiation is able to satisfy the current necessaries of high
temporal resolution of the phase transitions for the anode material during the discharge and charge
process, and good angular resolution will enable the subtle structural changes occurring in lattice
parameters and the phase separation to be detected. The electrochemical storage mechanism and the
crystal‐structure changes in electrode materials based on ex situ technic (such as XRD, XPS, Raman
shift) are essential for researchers to better optimize and develop new electrode materials. When the
electrode materials are removed from the cells, however, the surface properties of the electrodes
will be changed due to the contamination of the species in the air, affecting the characterization and
observation of the electrochemical processes. Therefore, operando analytic methods are exploited
to avoid these drawbacks. In this thesis work, a customized CR2032 coin cell was chosen for further
application. To improve the peak intensity, the in-situ XRD was conducted in synchrotron X-ray
powder diffraction (SXRPD) in Melbourne, Australia. Additionally, a quick data acquisition,
improved signal to noise ratio, and high angular and energy resolution can be easily acquired by
SXRPD. The wavelength used was determined to be 0.6899(3) Å using a LaB6 NIST SRM 660b.
The details of cell assembly in this thesis was similar to that in traditional ways of battery assembly
procedures.

Generally, for in-situ XRD experiment in Australian Synchrotron, we will collect X-ray
diffraction data from the battery in transmission geometry using the Mythen detector during
charging/discharging at 100 mA g-1 (about 12 hours) using a battery tester. The data collection are
around 40 hours. Diffraction data will be collected at 2-5 minute intervals during the
discharge/charge process of the cell between 0.01 and 3.0 V. Using the carousel setup, we plan to
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run 1 battery for this sample each time. The continuous top-up operation of the synchrotron will
simplify this. The collected data will be analysed by using the Rietveld method with the program
Fullprof/WinPlotR or GSAS-II. With these packages we have successfully performed sequential
multi-phase refinements using continuously collected data in the past. We will also use single-peak
fitting routines, which we have also done successfully in the past. We believe we have already
gained enough experimence on data analysing.

3.4.10 X-ray Absorption Spectroscopy (XAS)
X-ray absorption spectroscopy (XAS), including both X-ray Absorption Near-Edge Spectroscopy
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy, is a versatile tool
for determining the local geometric and/or electronic structure in materials science, especially for
chemistry, physics, and biology fields. The experiment is usually performed at synchrotron radiation
facilities, which provide the intensive signal. The XAS technique can reveal the local structure
around selected atoms by probing how x rays are absorbed in a sample. The samples can be in the
gas phase, solutions, films, or solids, therefore, this is a powerful facility to understand the chemical
surrounding of materials. Long-range order is not required and thus this technique is applicable to
both crystalline and amorphous materials. In this thesis, Synchrotron X-ray absorption spectroscopy
(XAS) measurements were conducted at the wiggler XAS Beamline (12ID) at the Australian
Synchrotron in Melbourne, by using a set of liquid nitrogen cooled Si (311) monochromator crystals.
The measurements were performed in beamline Mode 3 in Hutch B. The data reduction followed
standard methods using the ATHENA software package.[11] Calibrations and structural refinements
were carried out by using corresponding metal as a reference.

3.5 Theoretical calculations
Density functional theory (DFT) is a theory based on computational quantum mechanical
modeling method, which versatile used in physics, chemistry and materials science, condensedmatter physics, computational physics, and computational chemistry. Since the 1970s, DFT has been
a very popular way to calculate the electronic structure of many-body systems in solid-state physics,
especially atoms, molecules, and the condensed phases. Its name comes from the use of the
functional of the electron density. In this thesis work, the calculations were performed based on the
DFT approach enabled by VASP code, and the generalized gradient approximation (GGA) with the
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Perdew-Burke Ernzerhof (PBE) functional was employed for the exchange-correlation function.[1214]

During the optimization, the force and energy respectively converged to 0.01 eV/Å and 10-6 eV

/atom, with both the atoms’ positions and the lattice parameters allowed to relax.

3.6 Battery assembly procedures
3.6.1 Electrode preparation
All working electrodes were prepared by mixing the obtained materials, conductive materials,
binders in a specific ratio. After a complete mixture of these materials, a kind of solvent was dropped
into the above-mentioned mixture to form a uniform slurry. The solvent chosen should be referred
to as the binder, such as when water as the solvent, the water-based binders should be selected.
Then, the slurry was stirred in a planetary ball mill for several minutes. Then, the slurry is
homogeneously coated onto a current collector (for anode materials, copper film or carbon-coated
copper film are ideal collectors) by a blade, and dried in a vacuum drying oven for a while to get
the final working electrode (more information can be checked in the experimental section of the
following chapters). The obtained electrode was punched into small discs, which would be
transferred into the glove box filled with inert gas and ready to be used for battery assembly to a
coin cell.

3.6.2 Battery assembly procedure
In this thesis, the type of coin cell is CR2032. The set of coin cells were purchased without any
other modifications, except for the in situ tests. As shown in Figure 3.4, the Li or K foils were
purchased without further purification. To simple illustration, the preparation of lithium ion battery
is introduced in detail. The assembly of potassium ion battery was quite similar to LIBs, except the
separator, K foils, and electrolyte. More detail can be found in each experimental section of the
following chapters. Firstly, the Li foil is placed in the negative coin cell base, then the separator is
completely immersed in the electrolyte by adding the electrolyte. After that, the working electrode
disc was placed onto the separator and is progressively covered by stainless steel spacer, spring, and
coin cell lid. After tightly sealed, the coin cell was rested for 12 hours before the electrochemical
test, which ensures the electrolyte completely immersed into the electrode and separator.
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Figure 3.4 a) Schematic diagram and the order of assembling of 2032-type coin cells. b) Glovebox
filled with inert gas.

3.7 Electrochemical test procedures
3.7.1 Cyclic voltammetry (CV)
As a useful potentiodynamic technique to monitor the electrochemical reactions of the electrodes,
Cyclic voltammetry (CV) is the most popular and functional way. This method is mainly performed
by applying a cyclic potential on the electrodes at a scan rate from a starting potential to an endpoint
potential and then changing back to the initial potential at an identical rate. For example, to get the
required information of carbon materials in LIBs, the starting potential can be the open-circuit
voltage (OCV), the endpoint potential can be set to 0.01 V. When a redox reaction occurred, both
anodic and cathodic peaks could be observed from the CV curves. For the coin cell testing, it was
based on a two-electrode model and the Li/K foil will act as both a reference electrode and counter
electrode. In this thesis, the CV curves were obtained on a Biologic VMP-3 electrochemical
workstation.

3.7.2 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) is one of the most important techniques in battery
research and usually measured by applying an alternating current (AC) potential to an
electrochemical cell with measuring the current through the whole coin cells. Based on introducing
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a perturbation to the cells by a sine wave current or small amplitude potential to record the changes
in the form of an impedance diagram, which is able to provide data expressed graphically in a Bode
plot or a Nyquist plot. The current response to a sinusoidal potential in a linear (or pseudo-linear)
system would be a sinusoid at the same frequency but changed in step The acquired impedance
spectrum for the active materials usually exhibits a high-frequency semicircle and a low-frequency
linear tail. The semicircle is related to the kinetic processes reflecting the impedance of SEI
formation and charge transfer. The linear diagram reflects the solid-state diffusion of Li/K ions into
the bulk of the electrodes. In this work, a Biologic VMP-3 electrochemical workstation was used to
obtain the EIS data. The fitted circuit diagrams were simulated by the EC-Lab (Demo) software.

EIS data are generally analyzed by fitting to an equivalent electrical circuit model in this thesis.
Most of the circuit elements in the model are common electrical elements such as, capacitors,
resistors, or inductors. To be useful, the elements in the model should have a basis in the physical
electrochemistry of the system. As an example, most models contain a resistor that models the cell's
solution resistance. It should be noted that the electrolyte resistance is a key factor in the impedance
of a battery cell, this value depends on the ionic concentration, temperature, solution etc. An
electrical double layer (Cdl) exists on the interface between an electrode and its surrounding
electrolyte, which formed as ions from the solution adsorb on the surface of electrode. Sometimes,
the cell should have a polarization resistance and charge transfer resistance or diffusions resistance,
those parameters should be careful considered when fitted in a circuit model.

3.7.3 Galvanostatic intermittent titration technique (GITT)

Figure 3.5 General GITT technical used in this thesis. (A) Time vs. voltage profile of an anode for
a single GITT titration. The current pulses last about 30 min, followed by five hours of relaxation
time to reach the steady state. The ionic diffusion coefﬁcient in electrodes can be determined by
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solving Fick’s second law. (B) Linear behaviour of the E vs. τ 1/2 relationship. The coefficient of
determination (R2) value was calculated from the linear fitted data. If the cell voltage is linearly
proportional to τ1/2, the equations based on Fick’s second law can be shorted.

For the rechargeable batteries, during charge and discharge procedures, lithium/potassium ions
are transported from one electrode, through the separator, electrolyte, to the other electrode. Here,
the ionic diffusion into the bulk material occurs. It is extremely meaningful to determine or calculate
the corresponding diffusion efficiency. Furthermore, the thermodynamic parameters of the
electrodes materials can give a better understanding of their electrochemical behavior. The
galvanostatic intermittent titration technique (GITT) is a procedure responsible for retrieve those
parameters. The GITT procedure consists of a series of current pulses, each followed by a relaxation
time, in which to reach a dynamic equilibrium state. The current is positive during charge and
negative during discharge. In this thesis, during GITT measurements, a constant current density was
adopted for several hours to obtain the closed-circuit voltage (CCV), and a long period of the pulse
was applied to collect the quasi-open-circuit voltage (QOCV). The whole process can be regarded
as a quasi-static process, and the reaction resistance can thus be obtained as well. GITT tests were
conducted on an Arbin SCTS battery tester at ambient temperature in the specific voltage range.

3.7.4 Galvanostatic charge and discharge
The electrochemical performance of an assembled battery can be tested by the galvanostatic
charge/discharge program, in which the cell can be charged or discharged (for anode materials,
generally discharged in the initial stage) during a certain voltage window (for anode materials, the
range of voltage window is generally 0.01-3.0 V) with a constant current. After finished the test, the
charge and discharge capacity can be therefore calculated, which is based on the applied current and
the total accumulated time for the whole process. This testing technique can also be used to evaluate
rate performance by choosing various current densities over the numbers of cycles. The instrument
used here to obtain the data was the Land or NEWARE battery testers.
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CHAPTER 4 STRUCTURAL ENGINEERING OF
HIERARCHICAL MICRO-NANOSTRUCTURED GE-C
FRAMEWORK BY CONTROLLING THE NUCLEATION
FOR ULTRALONG-LIFE LI STORAGE
4.1 Introduction
Germanium is an attractive electrode material for future high-energy lithium ion battery (LIBs,
especially for batteries in sophisticated fields such as communications, deep-space exploration and
national defence),[1] because of its high volumetric/gravimetric capacities (8645.9 mA h cm ‒3 and
1600 mA h g‒1, respectively),[2] favourable (de)lithiation voltage (< 0.5 V vs. Li/Li+), excellent
lithium-ion diffusivity (over 400 times faster than in Si),[3] and remarkable electrical conductivity
(104 times higher than Si). Besides, unlike the highly anisotropic lithiation in Si, the isotropic
lithiation behaviour in Ge anode ensures favorably reversible capacity.[4] Nevertheless, the practical
applications of micro-sized bulk Ge have been hampered by some fundamental problems. First, the
considerable volume change of 370% in the fully lithiated Li 4.4Ge triggers severe electrode
pulverization and solid-electrolyte interphase (SEI) film destabilization, resulting in rapid capacity
fading as well as poor Coulombic efficiency (CE). Second, the low atomic utilization in the bulk
phase of the microsized electrode will sacrifice some theoretical capacity of the Ge anode. Finally,
simultaneously retaining the high performance but lowering the price of Ge anodes is still a critical
challenge.

Over the past decade, considerable efforts have been devoted to improving the cycling
performance of Ge anodes by designing various nanoarchitectures, such as nanoparticles, nanotubes,
nanowires, and porous particles.

[4-6]

These constructed nanostructures could effectively relieve

internal strain upon cycling and improve the utilization efficiency of Ge at the atomic level, thus
achieving better electrochemical properties than their bulk counterparts. Despite some progress,
such nanostructured design of Ge electrodes has also introduced tough new challenges, inevitably
blocking the commercialization of nano-sized Ge in high-energy LIBs. Specifically, the intrinsic
low tap density owing to the loose stacking will result in low volumetric energy density, while the
large surface area may exacerbate side reactions and lower the coulombic efficiency.[7,

8]

Furthermore, the reduced electrical connections among nanoparticles induced by volume changes
could lead to unsatisfactory capacity retention.[3] Coating or encapsulating nanosized Ge with
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carbonaceous materials could further enhance the cycling properties of electrodes via suppressing
the volume changes and alleviating nanoparticles agglomeration. For example, by encapsulating Ge
nanoparticles in carbon nanotubes (CNTs), Loh et al developed novel bamboo-type multiwall CNTs
as a matrix for the Ge particles and achieved high capacity and rate capability, due to the mechanical
protection of the unique CNT scaffold structure.[9] A three-dimensional (3D) nanoarchitecture of Ge
coated with carbon (3D-Ge/C) has been fabricated and exhibited outstanding cyclability and rate
capacity.[10] Unfortunately, till now, most of the reported Ge-C composites are typically designed
by randomly combined the nano-sized Ge with carbon materials and constructed the primary hybrid
structure, which cannot adequately tackle all the above challenges. The long-term cycling stability
for Ge-based anodes is still far from the practical application. [11] Moreover, the high cost derived
from the relatively high ratio of Ge (generally over 60%) in those previously developed Ge-C
nanocomposite electrodes makes them unattractive for large-scale utilization.

To completely utilize the promising high-capacity of Ge, rational design and controllable
synthesis are highly desirable to develop novel Ge electrodes with a superior structure that can afford
high energy density, improved power density, ultra-long lifetime, and low cost. Some fascinating
structural designs, such as yolk-shell,[12] core-shell,[13, 14] and pomegranate hierarchical assemblies[7]
have shown good effects in improving the cycle life of Si anodes towards inhibiting the severe
pulverization and rapid deterioration of electrodes.[2] Such structures are beneficial to achieve good
structural stability, generate a robust SEI layer, and minimize side reactions, consequently
contributing to superior cyclability. Very recently, a novel 3D yolk-shell nanoarchitecture
constructed by encapsulating Ge quantum dots with nitrogen-doped graphene foam and nitrogendoped graphene outer shell shown excellent rate and cycling stability for Li storage. [15] However,
the inferior volumetric density of nanomaterials as mentioned above will restrict their real
application. Also, the elaborate multi-step synthesis procedure for the Ge-C materials is complicated
and energy-consuming, and thus not favourable for practical applications.

Herein, we developed a facile and scalable structural engineering strategy to fabricate a
hierarchical micro-nanostructured Ge-C framework (GCF) by controlling the nucleation in a
confined vacuum environment. In this unique design, single Ge nanoparticles (GeNPs) are
conformably and individually encapsulated by an amorphous carbon layer and assembled into the
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secondary microstructure from the primary Ge-C hybrid nanostructures, while a continuous outer
carbon layer then surrounds the assembly. This ingenious design endows the constructed Ge/C
anode with some superior advantages: 1) high tap density ensured by the well-defined micronanostructure; 2) excellent structural stability and mechanical integrity benefited from the
conformable nano-confinement effect; 3) fast charge transfer dynamics derived from the continuous
3D conductive network; 4) high coulombic efficiency due to the stabilized SEI films and reduced
electrode–electrolyte contact area; and 5) a relatively low amount of Ge, reducing the total cost of
the composite electrode to meet the practical requirements. As expected, the as-prepared
hierarchical micro-nanostructured Ge-C framework obtained at 500°C (GCF-500) exhibited
superior Li-ion storage performance, including ultra-high utilization of Ge (2078.8 mA h g−1 at 100
mA g‒1), excellent high-rate capability (1110.7 mA h g‒1 at 20 A g‒1), and ultra-long cycling stability
(> 3000 cycles, with 99. 62% capacity retention). Moreover, the assembled full cells demonstrated
good performance as well, suggesting the great promise of the constructed GCF-500 anode for nextgeneration high-energy LIBs. The developed synthesis strategy and proposed evolution mechanism
can be extended to the design and fabrication of other high-performance materials for energy storage
or conversion systems.

4.2 Experimental Section
4.2.1 Synthesis of germanium-carbon frameworks
An appropriate amount of commercially available metal-organic complex-tetraphenylgermanium
(TPG) powder (96%, Alfa-Aesar) was first encapsulated in an evacuated quartz tube with the
parameters of φ1.5 × 15 cm under ambient temperature. In the subsequent process, a furnace was
heated to 500 °C at a ramping rate of 2 °C min−1 and kept at each target temperature for 4 hours to
guarantee the complete reaction of TPG molecules in the tube. The uniform black germaniumcarbon frameworks were deposited on the inner surface wall of the quartz tube. The frameworks
could be readily peeled off after being soaked in ethanol under ultrasound. Under these conditions,
the nanosized GCF-800 and microsized GCF-1050 samples were obtained at different pyrolysis
temperatures of 800 °C and 1050 °C after holding at 500 °C for a duration of 4 hours, respectively.

4.2.2 Materials characterization
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The morphologies of the as-prepared products and after-cycling were observed by field emission
scanning electron microscopy (FESEM, JEOL JSM-7500FA) operated at 15 kV and 20 mA. The
details of the crystal structure were further examined by scanning transmission electron microscope
(STEM, JEOL JEM-ARM200F), which was conducted at 200 kV, along with EDX mapping. The
crystalline structure of the obtained materials was checked by X-ray diffraction (XRD, PANalytical
diffractometer) with Cu Kα radiation at a scanning rate of 1° min−1. X-ray photoelectron
spectroscopy (XPS) was investigated on a VG Multilab 2000 (VG Inc.) photoelectron spectrometer
using monochromatic Al Kα radiation under vacuum at 2 × 10−6 Pa. All of the binding energies were
referenced to the C 1s peak at 284.8 eV of the surface adventitious carbon. Raman analysis was
performed with a JobinYvon HR800 Raman spectrometer. Thermogravimetric (TG) analysis was
conducted on a Mettler Toledo TGA/DSC1 analyzer from 50 to 1000 °C in the air (20 sccm) with a
ramp rate of 5 °C/min. Assuming complete combustion of the carbon framework and conversion
from Ge to GeO2, the content of Ge in the GCF materials could be determined based on the equation
in Figure 4.9.

4.2.3 Electrochemical Tests
The electrochemical tests were conducted using CR 2032 coin-type cells. The working electrodes
were prepared by mixing the obtained materials, Super P, and poly (acrylic acid) (PAA) in a weight
ratio of 80:10:10. The resultant slurry was pasted on Cu foil and dried at 80 °C for 12 h in a vacuum,
followed by pressing at 300 kg/cm2. The weight of the materials on individual electrodes was about
0.9–1.1 mg cm−2. Electrochemical measurements were carried out using two electrode coin cells
with Li metal as a counter and a reference electrode and Celgard (product 2400) film as the separator.
The electrolyte consisted of a solution of 1 M LiPF6 in ethylene carbonate/dimethyl carbonate/ethyl
methyl carbonate (1:1:1; v/v/v) with 5 wt. % fluoroethylene carbonate. Electrochemical impedance
spectroscopy and cyclic voltammetry were conducted on a VMP-3 electrochemical workstation at
a scan rate of 0.1 mV s−1. GITT tests were also conducted on an Arbin SCTS battery tester at ambient
temperature in the voltage range of 0.01–1.5 V. The cells were galvanostatically charged/discharged
in the voltage range of 0.01–1.5 V versus Li/Li+ at different current densities on a Land CT2001A
battery tester, and the specific capacities were calculated based on the mass of the GCF if not
mentioned, while for full cell LiFPO4//GCF500 batteries, the voltage ranged from 1.5 to 3.7 V. In
addition, to ensure the material utilization and reasonably evaluate the electrochemical performance
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of GCF-500, full-cells were assembled based on the capacity ratio of about 1:1.2 between the GCF500 anode and LFP cathode, and the cell capacity was calculated based on the weight of the anode
material only in this work. The weight of the materials for the full-cell test on individual electrodes
was about 0.6-0.8 mg cm−2. The Nyquist plots were obtained from over the frequency range of 100
kHz to 1 Hz.

Based on the GITT tests, the ionic diffusion coefficient (D Li+) in the GCF electrodes can be
determined by solving Fick’s second law with the following Equation 4.1 based on the GITT curves,
where ma is the electrode active mass; Ma is the molar mass of the electrode material; VM is the
molar volume of electrode; S is the geometric area of the electrode; M a/VM is obtained from the
density of the GCF electrode; and L is the average thickness of the electrode. A detailed definition
of the parameters in the equation, including E0, ES, τ, t0, t0+τ, Eτ, ΔES, and ΔEτ in the GITT potential
profiles is shown in Figure 4.21.
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If the coin cell voltage is linearly proportional to τ 1/2 (Figure 4.21), Equation (4.1) can be further
simplified to the following Equation (4.2):
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4.3 Discussions and Results
4.3.1 Materials synthesis and characterisation of the Ge-carbon frameworks
The GCF sample with hierarchical micro-nanostructures was prepared from a commercially
available tetraphenylgermanium (TPG) precursor by controlling its nucleation in a closed vacuum
space. Noticeably, the vacuum environment is a crucial factor for the formation of the GCF samples.
To fully understand the growth mechanism and evolution process, the TPG precursor was separately
annealed under a sealed vacuum environment from 400 to 1050°C, respectively. The detailed
discussion about the evolutionary mechanism can be seen in the following figures. (Figure 4.1-4.4).
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Figure 4.1 (A) XRD pattern of pristine TPG, TPG processed at 400°C, and TPG processed at 450°C.
(B) Typical SEM images of TPG precursor. (C) The diameter of TPG precursor ranges from 2 to 50
μm. SEM images of processed TPG: (D) at 400°C for 4 hours and (E) at 450°C for 4 hours. (F)
Representative SEM image of micro-nano structured GCF-500. Size distribution of (G) Histogram
showing the sphere distribution based on a count of 100 Ge-C spheres in GCF-500. The size of all
samples ranges from 2 to 3 micrometres. (H)-(J) SEM images of GCF materials processed at
different temperatures from 650 to 800°C. (K) Histogram showing the sphere distribution based on
a count of 100 Ge-C spheres in GCF-800. (L)-(N) SEM images of GCF materials processed at
temperatures from 950 to 1050°C. The graphitic layers attached on the carbon surface are mainly
induced by the catalytic decomposition of hydrocarbon in the presence of Ge molecules. (O)
Histogram showing the sphere distribution based on a count of 100 Ge-C spheres in GCF-1050.

To better understand the growth mechanism of GCF materials, the structures and morphologies
of products obtained by heating TPG powder at different temperature have been systematically
studied. After the calcination of the TPG material at 400°C for 4 hours (Figure 4.1A), the most
significant change is the decrease of the reflection at 10.8° compared to the corresponding value for
the TPG precursor. This is due to π-π conjugated interaction among the TPG molecules, resulting
in obviously decreased crystallinity.[16] Such a feature is very likely due to the formation of
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polymeric a network,[17] which is characterized as interlinked frames. On the other hand, those
characteristic reflections after heat treatment can be well indexed to the pristine TPG precursor. No
other crystalline phases can be detected in the XRD pattern. Additionally, a similar result also
observed in the obtained sample processed at 450°C. This result is further evidenced by the SEM

Figure 4.2. Dynamic monitoring of the changes in TPG precursor under different temperatures. The
TPG precursors were processed at temperatures ranging from 400 to 1050 °C. Photographs were
taken when the furnace reached the specific temperature and time. Digital photos in (A)-(B) are for
precursor-400 and precursor-450, respectively. The brown colour indicates the interlinking
behaviour of organic hydrocarbons. (C)-(L) Samples from GCF-500 to GCF-1050. For image L, the
tube was taken out and kept in room temperature for 30 sec. The cartoon image below indicates the
formation of Ge-C frameworks from metallic phenyl complex in a closed vacuum system.

images, as clearly demonstrated in Figure 4.1B to E. The initial microscale TPG first eroded into
spherical grains at 400°C, giving an average grain size of 2 μm (Figure 4.1D). Furthermore, as
clearly seen from precursor-450, a large number of nanosized particles wrapped with crosslinked
networks were gradually interconnected at 450°C. In fact, the colour of the precursor solid also
changed from white (mono-TPG molecule) to brown (interlinked TPG molecules, Figure 4.2A and
B) when the temperature was increased to 450°C, accompanied by the generation of transparent
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precursor vapour (from sublimation of some of the precursor solid, which is more likely to occur in
a closed vacuum system with no escape of precursor materials and other vapour species than in an
open flowing system). Therefore, based on the above discussion, we denoted this stage (before
500°C) as the “interlinking and sublimation stage” since we did not detect any decomposition
reactions that generate new species.

In the second stage, the generated vapour species of the precursor will undergo a decomposition
reaction at a higher temperature to form the final product consisting of Ge particles and carbon
layers. It has been widely reported that the benzene-based materials can be decomposed to biphenyl
(from phenyl radicals) and hydrogen by thermal transformation under vacuum, accompanied to
some extent by oligomers (polyphenyls) at relatively low temperature (from 500 to 800°C). At much
higher temperatures, the nonselective processes involve splitting of the phenyl to acetylene, radicals
(such as C4H2) and hydrogen,[18, 19] which seems different from the behaviour in an inert open
system. All products acquired at different temperatures from 500 to 1050°C are homogeneously
distributed on the wall of the tube, suggesting the decomposition occurs in the vapour phase (Figure
4.2F to N). Moreover, the successfully obtained GeNPs and carbon layer in the GCF-500 sample
clearly indicate that the actual decomposition and carbonization of TPG simultaneously took place
at the pyrolysis temperature of 500°C. Therefore, it is reasonable to obtain the GCF-500 sample
with the unique hierarchical arrangement and ultra-homogeneous distribution of GeNPs at an
appropriate temperature. Importantly, the TPG precursor could have moderate reaction kinetics at
the critical point (500°C) between molecule decomposition and carbon formation. Furthermore, the
spherical morphology of the GCFs is mainly owing to the equal pressure pushing on the spheres
from both inside and outside in all directions (isotropic behaviour), causing the surface to be smooth
and uniform without edges. In our case, the formation of decomposed vapour species is quite nonwetting considering to the smooth surface of a quartz tube, leading it to minimize its contact with
the tube substance. Similar to the mechanism of soot formation, carbon particles that have been
obtained in this stage will be composed of combinations of quasi-spherical seeds on the
nanoscale.[20,

21]

These primary particles always have amorphous carbon cores surrounded by

ordered graphitic shells.[22] Notably, the brown solid gradually disappears after processing at 500°C
for 4 hours, indicating the full sublimation, decomposition, and carbonization of the precursor in
this stage (Figure 4.2C to E).
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Figure 4.3. TGA curves of precursor obtained under an inert atmosphere. (A) TPG precursor. The
obvious decay in weight at 229.3°C should be attributed to the sublimation process of TPG. Inset:
sublimation experiment for TPG. The tube containing with 50 mg TPG (around 2 cm height) was
initially filled with argon and then held at 250°C for 5 minutes. (B) TPT precursor with a visible
decay in weight at 231.3°C. (C) TPA precursor with an apparent decay in weight at 194.0°C. The
ramping rate was at 2°C/min with an Ar flow rate of 20 sccm.

From the above discussion, we can deduce the molecular mechanism exists for the decomposition
of metallic phenyl complex at 500°C. Firstly, the colour change of the precursor solid from white to
dark (Figure 4.2A to F) could be attributed to the chain reactions of partly metallic phenyl
precursors. A kind of resonance-stabilized radical (RSR) will be formed as the incipient seeds, such
as phenyl-Ge radicals (because, like conjugated polymers or oligomers, [23] Ge can take part in the
conjugated stabilized system due to the existence of lone pair electrons in the p orbital).
Furthermore, the generated hydrocarbon addition (acetylene and radicals) under high temperature
will involve participation in the growth reaction to form polycyclic aromatic hydrocarbons
(PAHs).[24] Finally, the formation of carbonous species with GeNPs can be derived from the PAHs.
This process is quite similar to the formation mechanism of soot, [22] interstellar dust, and graphene
by using chemical vapour decomposition.[25] The precursor will be decomposed thoroughly during
this period because no other peaks can be indexed to the precursor in the XRD pattern of GCF-500,
and importantly, there is no solid precursor residue in the tube after the treatment for 4 hours (Figure
4.2E). Overall, owing to the successful transformation of TPG precursor and the acquisition of
GeNPs with carbon frames, this stage can be classified as the “decomposition and nucleation stage”.
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Figure 4.4 Morphology characterization and EDX mapping of nanosized GCF-800. (A) Optical
photograph and (B) representative SEM image of GCF-800. The diameter of a sphere ranges from
2.5 to 5 μm. (C)-(D) TEM images of several microspheres. (E) HAADF-STEM image of an
individual GCF-800 sphere and its corresponding elemental mapping images for Ge, C, and O
elements.

In the following step, when the temperature is increased to above 500°C, a spontaneous
aggregation process for formed GeNPs will occur. As clearly shown in the SEM and TEM image
(Figure 4.1H to N, Figs. 4.3 and 4.4), numerous GeNPs tend to stack together and move toward the
inside of the carbon frames owing to the natural metallic property of Ge, resulting in very uneven
Ge particles distributions. This result also can be demonstrated by the obtained digital photographs
in Figure 4.2F to L. Moreover, with increasing the pyrolysis temperature, the colour of the GCF is
gradually changed from wine red to red to yellow. This is mainly due to the thermal radiation in
visible light that is introduced by the electron transition behaviour of metallic Ge under high
temperature.[26] Although Ge nanoparticles severely aggregated at a higher temperature, the stacked
Ge clusters still can be well protected by the previously coated carbon layers and form core-shell
GCF structures (Figure 4.4). However, the much higher temperature of 1050°C, exceeding the
melting point of Ge (around 930°C) gave rise to the formation of micro-sized Ge particles, due to
the vigorous aggregation of liquid Ge. According to the changes to the morphology and distribution
of the GeNPs as well in Figure 4.1F to N, the growth and aggregation of GeNPs is the main
characteristic in this stage. Meanwhile, the outer carbon layers will be gradually converted from
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amorphous to ordered status because of the continuous increase in the temperatures. We herein have
denoted this stage as the “growth and aggregation stage”.

In short, combined with the TGA, XRD, SEM, and colour-monitoring experiments, the structural
evolution and growth mechanism of GCF samples have been systematically analysed. Based on all
the results, a three-step process, namely “Interlinking and sublimation”, “Decomposition and
nucleation”, and “Growth and aggregation” has been proposed for pyrolysis reaction of metallic
phenyl compounds under a space-confined vacuum environment.

In this work, under confined vacuum system, the TPG can be directly decomposed into the desired
Ge-C frameworks during the pyrolysis process. By the way, we also conducted a series of TGA
experiments (set up in an open inert system) for three representative metallic phenyl compounds,
tetraphenylgermanium (TPG), tetraphenyltin (TPT), and triphenylantimony (TPA). From the TGA
results (Figure 4.3A), only one weight loss occurs from 229.3°C for the TPG precursor. The
remaining residual weight is about 3%, which is mainly attributed to impurities in the precursor (96
% purity). The sublimation of TPG precursor should contribute to the weight loss in the TGA result,
which is quite similar to the sublimation of solid carbon dioxide and naphthalene.[27] This can be
further evidenced by the sublimation-condensation experiment shown in the inset image of Figure
4.3A. Without a transition into an intermediate liquid phase, the TPG gas can be directly
recrystallized on the upper cooler section of the tube. This means that, after the TPG solid precursor
is transformed to the gas phase in the open inert system, the generated gas precursor will escape
from the heating chamber into the atmosphere without any decomposition reactions. Meanwhile,
the TGA results for TPT and TPA also exhibit similar behaviours to that of TPG (Figure 4.3B and
3C). Therefore, Ge-C composites cannot be formed by thermal decomposition of the TPG precursor
in an open inert system.
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Figure 4.5 Schematic illustration, morphology, and structural characterization of Ge-carbon F
materials. (A) Proposed growth mechanism of GCF samples through a facile confinement effect in
evacuated tubes. SEM images of (insets: lower magnifications): (B) hierarchical micronanostructured GCF-500, (D) nano-Ge/C framework (GCF-800), and (F) micro-Ge/C framework
(GCF-1050). TEM images of: (C) GCF-500, (E) GCF-800, and (G) GCF-1050. (H) HRTEM image
of an individual Ge nanoparticle from GCF-500. (I) Intensity profiles of Ge crystal faces, the value
of 0.327 nm relates to the (111) facet, and the value of 0.200 nm refers to the (220) facet of Ge,
respectively. (J) The corresponding SAED pattern of a Ge particle in GCF-500. (K) HAADF-STEM
image of individual GCF-500 sphere and its corresponding elemental mapping images of Ge, C, and
O elements, respectively, which indicates the homogeneous distribution of Ge particles and a fully
covered carbon shell.

The proposed three-step evolution process (including the “Interlinking and sublimation”,
“Decomposition and nucleation”, and “Growth and aggregation”) for the formation of GCF samples
by pyrolysis of metallic phenyl compounds under space-confined vacuum environment is
schematically illustrated in Figure 4.5A. More specifically, when TPG precursors were heated to
both 400°C and 450°C, the solid powder would undergo a direct sublimation, instead of the melting
progress, generating the spherical grains at 400°C. Furthermore, the derived vapour precursor can
be decomposed to metallic Ge particles and amorphous carbon with hierarchical micronanostructure at 500 °C. The hierarchical structure could be maintained when the pyrolysis
temperature was lower than 700°C. Finally, the micro-sized core-shell structure can be generated
when treated at a higher temperature (800°C). Interestingly, due to the much higher pyrolysis
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temperature of 1050°C, the greatly graphitized carbon layer also grew on the outer surface of the
core-shell structure. To highlight the advantage of the developed novel design concept for Ge/C
anodes in this work, we systematically studied three representative Ge-C frameworks, namely the
hierarchical micro-nanostructured Ge/C framework (GCF-500), the nano-Ge/C framework with
core-shell structure (obtained at 800°C, GCF-800), and the micro-Ge/C framework with core-shell
structure (obtained at 1050°C, GCF-1050).

Figure 4.6 Morphology characterization and EDX mapping of microsized GCF-1050. (A) Optical
photograph and (B) typical SEM image. The diameter of a sphere ranges from 2 to 5 μm. (C) TEM
image of GCF-1050. (D) HRTEM image of graphitic layers attached on the outer surface of the
carbon shell. (E) HAADF-STEM image and its corresponding elemental mapping images of Ge, C,
and O elements.

The as-prepared GCF-500 sample presents a uniform spherical structure with an average diameter
of about 2-3 μm, as clearly observed in the SEM images (Figure 4.5B, Figure 4.1F, and Figure
4.1G). More interestingly, excellent primary Ge nanoparticles (around 45 nm) are conformably
encapsulated and individually isolated by the interlinked carbon shell due to the in-situ
decomposition and carbonization of the TPG molecules under space-confined vacuum condition
(Figure 4.5E). The continuous carbon frameworks are predominantly generated from the gas species
in the step that decomposed to oligomers, acetylene, radicals, and hydrogen at around
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Figure 4.7 Characterization of the series of GCF materials. (A) XRD curves; a.u.: arbitrary units.
(B) Raman spectra. The sharp peaks at 1332 cm‒1 and 1590 cm‒1 can be assigned to the D and G
bands of carbon, respectively.

[28]

(C) XPS spectra of the Ge 3d peaks.[29] (D) TGA data. (E) Tap

densities. Each vial contains 0.1 g of tightly packed powders.

500°C, very similar to the derivatives from benzene-based materials after thermal treatment.[18, 19,
22]

In addition, Figure 4.5H shows these primary GeNPs with the obvious (111) and (220) crystal

planes. The corresponding interlayer distances were further determined to be around 0.327 nm and
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0.200 nm, respectively (Figure 4.5I). The selected area electron diffraction (SAED) pattern (Figure
4.5J) also displays a set of diffraction rings from cubic Ge, corresponding to the diffractions of the
(111), (220), (311), and (400) planes, respectively. The high-angle annular dark-field scanning TEM
(HAADF-STEM) micrograph and energy dispersive X-ray spectroscopy (EDX) elemental mapping
images both illustrate the presence of Ge, C, and O elements with homogeneous distributions in the
GCF-500 material (Figure 4.5K), where the oxygen may come from the partial oxidization of
surface Ge or absorbed air.[30]

As for other GCF samples that obtained at a further elevated temperature (above 500°C), their
spherical structures are well preserved (Figure 4.5C and Figure 4.5D). However, a large amount of
GeNPs tended to move inward in the carbon shell with randomly stacked and embedded morphology
in GCF-800 (Figure 4.4). The uneven distributions of Ge particle sizes ranging from 30 to 500 nm
indicate the accelerated nucleation and growth kinetics of GeNPs under higher reaction temperature,
resulting in the severe aggregation of the GeNPs and the formation of core-shell structure (Figure
4.5F and Figure 4.4C). Similarly, EDX mapping of a typical spherical structure reveals the irregular
distributions of Ge, C, and O elements (Figure 4.4E), in which the centre of the framework shows a
higher concentration of Ge compared to the edge section. Importantly, when the processing
temperature was increased to 1050 °C, the spontaneous aggregation process of GeNPs could be
significantly boosted, leaving a microsized Ge particle inside of the carbon matrix, as clearly shown
in Figure 4.5G and Figure 4.6. Furthermore, the appearance of multilayers with tens of nanometers
length on the outer surface of the carbon shell can be easily observed from the SEM images in GCF1050 (Figure 4.6B) and HRTEM images (Figure 4.6C and D). The HAADF-STEM images in Figure
4.6E show the corresponding elemental distributions of Ge, C, and O elements within those
microsized spheres.
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Figure 4.8 Morphology and structure evaluation of the outer carbon layer of GCF materials.
Representative HRTEM images: (A) GCF-500, (B) GCF-800, and (C) GCF-1050. XPS C 1s spectra
of the carbon shells: (D) GCF-500, (E) GCF-800, and (F) GCF-1050. The black dots combined with
red, green, and blue dots in D, E, and F, corresponding to the experimental and fitted results for the
C 1s spectra, respectively.

It is clearly shown that the described strategy is a facile and controllable method to fabricate
various micro-sized Ge-C frameworks with fascinating structures, including the core-shell, micronano and the hierarchical structure by regulating the nucleation dynamics of the TPG molecules
under different heated temperature. During the transformation process from the TPG precursor to
the final Ge-C product, the space-confined system and the reaction temperature will significantly
affect the nucleation pathways of TPG molecules on the nanoscale. From our understanding of the
evolution mechanism of TPG, a continuous three-step process can be induced into a closed
vacuumed system, unlike the direct sublimation without any decomposition process in the open inert
system. Considering that, in a sealed vacuumed system, the critical step was demonstrated to be the
nucleation of new species in the reaction resulting from the decomposition of TPG. The designed
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GCF-500 with the unique hierarchical arrangement and ultra-homogeneous distributions of GeNPs
can be obtained under this kind of moderate reaction kinetics at the critical point (500°C) in which
precursor will be decomposed and new species will be formed, contributing the isotropic growth of
GeNPs in all directions.

The structures and the chemical states of GCF were further characterized. Figure 4.7A shows
typical XRD patterns of GCF-500, GCF-800, and GCF-1050 samples. All the distinct diffraction
peaks can be well indexed to cubic germanium (JCPDS #04-0545). With increasing reaction
temperature from 500 to 1050°C, the decreased values of the full width at half-maximum (FWHM)
further indicate the increasing crystal size of GeNPs from GCF-500 to GCF-1050. Although the
reflections of carbon is dominantly influenced by intensive (111) facet of Ge, its existence and the
defect level can be clearly confirmed by Raman spectroscopy (Figure 4.2B) and HRTEM images
(Figure 4.8). As shown in Fig 4.7B, the intensity ratio (2.08) of the defect (D) band to the graphitized
(G) band of carbon (ID/IG) in GCF-500 is much higher than for GCF-800 (1.83) and GCF-1050
(1.45). The high ratio of disordered carbon with abundant defects formed in the GCF-500 would
boost Li ions diffusion kinetics, thus enhancing the high-rate capability during electrochemical
cycling in LIBs.[31] Additionally, the high graphitization of carbon layers with obvious fringes on
the outer surfaces of GCF-1050 (Figure 4.8C) were derived from the catalytic decomposition of H
and C atoms chemically adsorbed on the surface of Ge.[30, 32]
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Figure 4.9 Thermogravimetric analysis of GCF samples and carbonous materials under air
atmosphere. (A) Assuming the complete combustion of the carbon layer and the conversion reaction
of Ge to GeO2, the content of Ge in the GCF materials can be determined based on the equation
presented in A. (B) XRD pattern of the final resultant product after TGA evaluation, which is very
well indexed to GeO2 with PDF number #36-1463 from the JCPDS database. TGA curves of: (C)
graphite and (D) Super P from 50 °C to 1000 °C in air for comparison.

Furthermore, XPS analysis of Ge 3d was performed here to investigate the surface electronic state
and chemical environment of the Ge species (Figure 4.7C). Interestingly, the peaks of the Ge-Ge
band shifted toward lower binding energy when compared to the commercial Ge samples, signifying
the improved conductivity of metallic Ge in the GCF samples, which will be beneficial to promote
the dynamics of electrons transfer during electrochemical reactions. This result is quite similar to
the phenomenon in carbon nanotube where conductivity is improved by the p-type heteroatom
doping effect.[33, 34] The C 1s spectrum of GCF sample (Figure 4.8D) can be divided into four
dominant peaks.[35] The one at around 284.6 eV corresponds to conjugated C=C/C-C bonds, while
the peak at 285.9 eV, 287.0 eV, and 289.1 eV are due to the vibration of C-OH, C=O, and π- π*
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bonds, respectively. A relatively higher proportion of peaks at around 284.6 eV are observed in the
GCF-800 and GCF-1050 samples, indicating a much higher degree of graphitization (Figure 4.8E
and F). Moreover, to quantitatively evaluate the Ge content in the GCF materials,
Thermogravimetric analysis (TGA) was conducted in the air environment. As illustrated in Figure
4.7D and Figure 4.9, the Ge contents in GCF-500, GCF-800, and GCF-1050 were determined to be
about 40.1, 21.9, and 19.5 wt. %, respectively. This is mainly owing to the thorough decomposition
of tiny molecular (oligomers and acetylene) derived from phenyl to carbon species under high
temperatures during the thermal procedures.[19] When considering the application of high-energy
LIBs, particularly for miniaturized electrical devices (such as small drones, microsatellites, or
national defence),[36] the volumetric energy density is a much more important indicator than
gravimetric energy density, and consequently, electrode materials with high tap density are highly
needed. Here, the measured tap density of the GCF-500 is 0.97 g cm−3, which is larger than that of
the GCF-800 (0.76 g cm−3) and GCF-1050 (0.71 g cm−3), respectively (Figure 4.7E). Impressively,
the achieved tap density of the GCF sample with hierarchical micronano-sized framework is visibly
higher than those reported bulk Ge-C structures,[7] hard carbon,[37] and oxidized pristine graphite
materials.[38] Particularly, the hierarchically assembled and tightly packed GeNPs in the GCF-500
greatly enhanced the tap density of the sample, thus offering desired high volumetric energy density
for LIBs. According to the results of structure characterization, it is reasonable to believe that, the
designed hierarchical micro-nanostructured GCF-500 could be presented as a highly promising
anode material toward high-energy LIBs, because of its following merits : i) the space-confined
arrangement of Ge particles in the carbon shell can improve the utilization of those particles; ii) the
interlinked carbon frameworks are able to serve as a buffer to effectively tolerate the huge volume
expansion; iii) the improved conductivity of Ge and amorphous character of carbon could promote
charge transport kinetics; and (iv) enhanced tap density will help to improve the volumetric density
of the electrode.

4.3.2 Electrochemical performance of the as-designed GCF as anodes for
LIBs
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Figure 4.10 Electrochemical characterization of GCF anodes. (A) Cyclic voltammetry (CV) profiles
of GCF-500 corresponding to the selected cycles at a scan rate of 0.1 mV S‒1. (B) Voltage-capacity
profiles for the GCF-500 plotted for the 1st, 2nd, and 50th cycles at a current density of 100 mA g ‒
. (C) Electrochemical cycling performance acquired under a current density of 100 mA g‒1. The

1

coulombic efficiency is only plotted for GCF-500. (D) Rate capabilities of GCF-500, GCF-800, and
GCF-1050 anodes. (E) Cycling stability over ultra-long 3 000 galvanostatic cycles of the GCF-500
anode. GCF-800, GCF-1050, commercial Ge, and commercial GeO2 are also tested under identical
conditions. The coulombic efficiency is collected here for GCF-500 only. The rate was activated
under 200 mA g‒1 for the first ten cycles and conducted at 1 000 mA g‒1 for the later thousands of
cycles. Typical SEM images of the proposed structures after 200 cycles: (F) GCF-500, (G) GCF800, and (H) GCF-1050. Inset images: the typical structures acquired before cycling.

The electrochemical performance of the prepared GCF-500 was first investigated by cyclic
voltammetry (CV) curves in a half-cell within the voltage window of 0.01–1.5 V (Figure 4.10A). In
the initial cathodic scan, two peaks located at 1.31 and 0.7 V can be ascribed to the irreversible
reactions of lithium and the formation of the SEI layers. [8] In the second cathodic scan, there are
several peaks detected in the range between 0.5 and 0.05 V, corresponding to the formation of
different LixGe (from Li9Ge4 to Li22Ge5) alloys during the lithiation process,[6,
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39]

] while the

prominent oxidation peaks at around 0.59 and 0.75 V can be assigned to the multistep de-alloying

Figure 4.11 CV profiles at the scan rate of 0.1 mV s−1. CV curves of (A) GCF-800 and (B) GCF1050 electrodes for selected cycles in the voltage range of 0.01–1.5 V with Li metal as a counter
electrode.

reactions of LixGe alloy. The GCF-800 and GCF-1050 samples both present CV behaviour with
similar shapes to those in the GCF-500, but with slightly different voltage values and inferior
reversibility during the scans (Figure 4.11). Furthermore, Figure 4.10B shows the initial
galvanostatic charge-discharge voltage profiles of the GCF-500 electrode at a current density of 100
mA g‒1. In the first cycle, the GCF-500 exhibits discharge and charge capacities of 1263.6 and 895.9
mA h g‒1, respectively, which corresponds to an initial Coulombic efficiency (ICE) of 70.9 %. In
contrast, the GCF-800 and GCF-1050 electrodes show a lower first-cycle reversible capacity of
696.6 and 521.6 mA h g‒1, corresponding to an ICE of 66.7% and 59.6%, respectively (Figure 4.12).
This could be attributed to the high atomic Ge utilization ratio (Table 4.1), maintaining the integral
stability of its whole structure caused by intimate attachment of GeNPs to outer carbon shell, as well
as stable SEI layers formed on the outer surface of GCF-500. Moreover, after 50 continuous cycles
at 100 mA g‒1, the capacity of GCF-500 electrode was still stabilized at around 833.6 mA h g−1
(Figure 4.10C, corresponding to 2078.8 mA h g−1 based on Ge), demonstrating the superior
structural stability of GeNPs conformably and individually confined by the amorphous carbon layer
in the GCF-500 sample.

The rate capabilities under various current densities were systematically studied for the GCF
materials. As shown in Figure 4.10D, the GCF-500 maintained impressed reversible capacities of
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880.4, 815.6, 771.5, 740.4, 702.8, 668.0, 632.0, and 566.9 mA h g −1, at the current densities of 0.1,
0.2, 0.3, 0.5, 1, 2, 5, and 10 A g−1, respectively. The capacity remained as high as 445.4 mA h g−1
(based on Ge: 1110.7 mA h g−1) even when the current density increased to 20 A g−1 (about 3 min
for complete charging and discharging process). While GCF-800 maintained only 102.4 mA h g−1
(based on Ge: 467.6 mA h g−1) and GCF-1050 maintained about 212.1 mA h g−1 (based on Ge:
1087.7 mA h g−1). When the current density was reduced back to 0.1 A g −1, the reversible capacity
of GCF-500 was restored to as high as 770.4 mA h g−1, which is significantly higher than for its
GCF-800, GCF1050, commercial Ge, and commercial GeO2 counterparts (Figure 4.13 and Figure
4.14).

Figure 4.12 Galvanostatic charge-discharge curves. Voltage profiles of (A) GCF-800 and (B) GCF1050 electrodes at the 1st, 2nd, and 50th cycles under an identical current density of 100 mA g−1.

To further evaluate the long-term cycling performance, the electrodes were then
charged/discharged at 1000 mA g−1 with prolonged cycling. As depicted in Figure 4.10E, the GCF500 delivers a much more stable ultralong cycling performance. Even after 3000 cycles, over 618.3
mA h g−1 could be retained for the GCF-500 (corresponding to 1541.1 mA h g−1 based on Ge),
demonstrating its excellent long-term cycling stability. More importantly, considering the 1600 mA
h g−1 theoretical capacity of Ge, the electrochemical utilization of Ge atoms of GCF-500 is as high
as 96.3% at a rate of 1000 mA g−1 for over 3000 cycles, which is the highest capacity and best Ge
utilization ratio reported till now. From the 10th to the 3000th cycle, the coulombic efficiencies
stabilized at above 99% with the lowest capacity fading-rate at 0.004% when compared to its
counterparts: GCF-800, GCF-1050, commercial Ge, and commercial GeO2. The specific
comparisons and calculated values on voltage profiles and retentions of commercial graphite, Ge,
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and GeO2 under identical current density are also summarized in Figure 4.15 to Figure 4.17. To the
best of our knowledge, this is the first report of Ge-C anode material with such low capacity decay
rate over 3000 cycles (detailed comparisons are presented in Figure 4.18, and Table 4.2 and 4.3),
signifying the superb structural stability and mechanical integrity of the fabricated GCF-500
electrode during thousands of cycles.

Figure 4.13 Comparison of rate performance in commercial products. Rate capabilities of
commercial nanoscale Ge and commercial GeO2 electrodes were acquired under various current
densities for Li storage.

The outstanding Li ions storage properties, such as the high reversible capacity, superior highrate capability, and excellent long-term cyclability should be ascribed to the unique hierarchical
micro-nanostructure of the designed GCF-500 material. Firstly, the homogeneously distributed and
intimately contacted uniform fine of primary GeNPs with conductive carbon layer and constructed
the secondary Ge-C hybrid nanoparticles in the hierarchical micro-sized Ge-C framework can
maximize the utilization of Ge atoms during Li ions storage. Secondly, the continuous 3D carbon
networks not only effectively tolerate the volume expansion of GeNPs and retain the structural
integrity of the electrode during the repeated cycling, but also enhance the charge transfer processes.
Thirdly, the formed robust SEI layer on the outer surface of micro-sized amorphous carbon networks
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can reduce the electrode–electrolyte contact area and consequently

Figure 4.14 Voltage profiles at different current densities (0.1 - 20 A g–1). (A) GCF-500 electrode.
(B) GCF-800 electrode. (C) GCF-1050 electrode. D) Histogram comparing the capacities under
different current densities for Li storage. All data were collected in the range of 0.01-1.5V vs. Li/Li+.

leading to high Coulombic efficiency. The SEM images of electrode structures after cycling test

Figure 4.15 Voltage profiles of commercial Ge electrodes for selected cycles at a high specific
current. Galvanostatic charge-discharge curves of (A) commercial Ge electrode and (B) commercial
GeO2 electrode at the current density of 1000 mA g−1.

further confirmed the superior structural stability of the GCF-500 sample. After 200 deep
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charge/discharge cycles, the morphology of the GCF with distinctive SEI formation was examined
as shown in Figure 4.10 F to H. Impressively, the hierarchical micro-nanostructure in the GCF-500
electrode were well reserved with uniform and thin SEI layer coating on the outer surface of carbon
networks, demonstrating the formation of robust SEI upon long cycling. In contrast, the GCF-800
and GCF-1050 electrodes suffered from severe carbon shell crack and pulverization

Figure 4.16 The cycle performance of pure graphite in half-cell under the current density of 1000
mA g-1.

(Figure 4.10 G and H). More severe problems of mechanical cracks can be observed in the electrodes
of bare Ge nanoparticles and GeO2 nanoparticles as well, due to the huge volume expansion of
unprotected Ge (Figure 4.19). The cracking and pulverization of electrode frequently lead to rapid
capacity decay and inferior cycle life of LIBs.[40] Hence, the robust SEI formed in the GCF-500 can
contribute to high Coulombic efficiency and superior cyclability during long-term cycling.
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Figure 4.17 Comparison of capacity retention of different electrodes. Coulombic efficiency profiles
of GCF-500, GCF-800, GCF-1050, commercial-Ge, and commercial-GeO2 electrodes were
collected at the identical current density of 1000 mA g−1. These results indicate that all the GCF
electrodes hold perfect capacity retentions in half-cell even after thousands of cycles compared to
commercial Ge products.
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Figure 4.18 Comparisons of Ge-based anode materials in LIBs. Comparisons of Ge contents in
published composites. The contents of the composites in those electrodes were obtained from the
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TGA results or data shown in the references, which are mainly from Table 4.2. All the composite
anodes for comparison were selected from recent battery studies of Ge-based composites:
nanoporous Ge nanowire (NW),[41] Ge nanowire,[42] Ge@CC,[8] Ge films,[43] rGO/Ge/rGO,[44] Ge
particles,[45] Ge/C,[46] Sn seed/Ge NW,[47] 3D-Ge/C,[10] C-Ge-C,[39] Ge/RGO/C,[48] Ge@N doped
Graphene/NGF,[15] Ge NPs@N doped C,[49] Ge@C/RGO,[50] Ge@CNFs/3D Graphene,[51] and Ge/N
doped C.[52]

Figure 4.19 Structural evaluation of commercial Ge materials before and after electrochemical
testing. Representative SEM images of (A) commercial Ge nanoparticle electrode. (B) Commercial
GeO2 nanoparticle electrode. (C) After 200 continuous cycles of commercial Ge. (D) After 200
cycles of commercial GeO2. As we can see from the after-cycling images, the commercial products
tend to aggregate and crack during Li plating and stripping, leading to inferior electrochemical
performance. Therefore, the bare Ge/GeO2 without a protective carbon layer is not suitable for
practical utilization of LIBs.

To deeply understand the correlation between its structural advantages and the excellent
electrochemical properties of GCF-500 electrode for LIBs, galvanostatic intermittent titration
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technique (GITT) measurements and electrochemical impedance spectroscopy (EIS) have been
conducted, as shown in Figure 4.20. During GITT measurements, a constant current density was
adopted for 0.5 h to obtain the closed-circuit voltage (CCV), and a 5 h pulse was applied to collect
the quasi-open-circuit voltage (QOCV). The whole process can be regarded as a quasi-static process,
and the reaction resistance can thus be obtained as well (Figure 4.21). Figure 4.20A

Figure 4.20 Electrochemical kinetic analysis of lithium storage behaviour of GCF anodes. GITT
measurements were conducted between 0.01 V and 1.5 V vs. lithium to determine the diffusion
coefficient and reaction resistance parameters. The reaction resistances during charge and discharge
processes are obtained by evaluating the overpotential values, defined as the voltage drop between
the end of the relaxation step and the start of the pulse step. (A) Potential response curves with
normalized specific capacity. The normalized capacity is based on the 3rd cycle discharge capacity
of GCF-500. (B) and (C) Li+ ion diffusion coefficients and reaction resistances calculated from the
GITT potential profiles as a function of depth of discharge (DOD). (D) Li+ ion diffusion coefficients
and (E) reaction resistances as a function of state of charge (SOC). (F) Nyquist plots of different
electrodes at open circuit voltage. Inset curve: magnification plots in the range from 0 to 200 Ohm,
with the lower left inset showing an enlargement of the high-frequency region. The upper right inset
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is the fitted circuit diagram. (G) Comparison of GCF electrodes with critical parameters.

presents the voltage responses of the GCF-500, GCF-800, and GCF-1050 electrodes in the third
cycle. The ionic diffusion coefficient in GCF electrodes can be further determined by solving Fick’s
second law [53] with the specific equations presented in Materials and Methods. As

Figure 4.21 GITT titration profiles. (A) Time vs. voltage profile of GCF-500 for a single GITT
titration. The current pulses last about 30 min, followed by five hours of relaxation time to reach the
steady state. The ionic diffusion coefﬁcient in GCF electrodes can be determined by solving Fick’s
second law with Equation (1) in Materials and Methods. (B) Linear behaviour of the E vs. τ1/2
relationship. The coefficient of determination (R2) value was calculated from the linear fitted data.
If the cell voltage is linearly proportional to τ1/2, Equation 4.1 can be further simpliﬁed to Equation
4.2. Then the approximate diffusion coefficients will be calculated and obtained by using Equation
4.2.

indicated in Figure 4.20B and Figure 4.20D, the diffusion coefficients of hierarchical micronanostructured GCF-500 is nearly one order of magnitude higher than those of GCF-800 and GCF1050 in both Li insertion and extraction processes during cycling. The larger diffusion coefficients
in the GCF-500 electrode can be beneficial for enhancing the high-rate performance.[54] As presented
in Figure 4.20C and 4.20E, the GCF-500 shows the lowest resistance values compared to the other
two GCF materials, indicating the boosted charge transfer dynamics and thus improving the highrate performance of the electrode during lithiation/delithiation process. Similarly, the EIS diagram
in Figure 4.20F shows that the GCF-500 has the lowest resistance among these three GCF electrodes
(Figure 4.22), further confirming the increased electrode kinetics for Li ions storage. Taking into
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consideration the excellent electrochemical performance of GCF-500 anode (Figure 4.20G), in
terms of its excellent high-rate capability, long-term durability, and ultra-high utilization ratio with
relative low Ge content, it

could be a promising anode material, which meets the practical requirements for most applications,
such as military communications and deep-space exploration.[1] An additional advantage of our GCF
is the synthesis does not involve any sophisticated equipment or processes such as chemical vapour
deposition, showing a feasible and scalable way to design stabilized anodes for high-energy LIBs.

Figure 4.22 EIS analysis of the GCF-500, GCF-800, and GCF-1050. They were collected from 100
kHz to 1Hz. Rs represents the Ohmic resistance. R SEI represents the resistance of the solidelectrolyte interface layer. RCT stands for the charge transfer resistance. Fitting values were
obtained from the circuit diagram shown in Figure 4.20F.

We have already demonstrated the elaborate synthesis of hierarchical micro-nanostructured GCF500 and its structural benefits, kinetics advantages, and physical merits as a promising anode
evaluated in a half-cell system. In addition, the practical application of GCF-500 as an anode in LIB
was further evaluated by a full coin-cell constructed with a LiFePO4 (LFP) cathode, as shown in
Figure 4.23. A pre-lithiation procedure for GCF-500 was conducted to compensate the loss of
lithium during the initial cycle with identical test conditions to those for the half-cell. The LFP was
chosen as cathode owing to its highly stable capacity output and promising voltage platform (Figure
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4.24). The charge-discharge voltage profiles for the 1st, 2nd, and 3rd cycles are shown in Figure
4.23A. The primary discharge voltage platform for the full battery is around 2.8 V, which is very
consistent with the potential gap between the discharge plateau of LFP (about 3.3 V) and that of
GCF-500 (about 0.5V). After a continuous 50 cycles at 100 mA g −1, the capacity of the full cell can
also be stabilized at 634.6 mA h g−1 (Figure 4.25). Even after 500 cycles under the high current
density value of 2000 mA g−1, the full cell still delivers a capacity of 341.2 (based on Ge: 850.9 mA
h g−1) without apparent capacity fading in the range of 1.5-3.7 V (Figure 4.23B). The 0.02 % decay
per cycle further illustrates the excellent cycling stability of the coin-cell configuration based on the
promising GCF-500 anode and LFP cathode. Compared the GCF-500 electrode with previously
reported state-of-the-art Ge/C electrodes (Figure 4.23D), our hierarchical micro-nanostructured
GCFs electrode could deliver the highest reversible capacity with ultralong cycling stability among
all the anode materials.

Figure 4.23 Full cell performance of GCF-500. Lithium-ion full-cell electrochemical performance
of GCF-500. (A) Charge-discharge curves for the first 3 cycles of the full cell under the current
density of 100 mA g‒1. (B) Long-term cycling performance at 2000 mA g‒1 for the full-cell. The cell
capacity was calculated based on the weight of anode material only. This outstanding performance
of the full-cell indicates that LFP‖GCF-500 can serve as a promising cell for practical application.
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(C) Schematic illustration of LiFePO4‖GCF-500 full-cell configuration. (D) Comparisons of recent
reported Ge materials in lithium-ion batteries, the specific capacities were based on Table 4.2. The
red stars indicate the excellent electrochemical performance of the synthesised GCF-500, not only
for the first 1000 cycles but also for 3000 continuous cycles.

Figure 4.24 Electrochemical performance of LFP as a cathode in half-cell LIBs. (A) Voltage
profiles for selected cycles vs. Li for LFP cathode in the range from 2.5 V to 4.0 V. The current
density is 0.5 C, with 1 C referring to 171 mA g−1. (B) Cycling performance of LFP under the current
density of 0.5 C. The stable cyclability makes LFP as the most promising cathode material for the
full cell configuration with GCF-500.

105

Figure 4.25 Electrochemical performance of full-cell LIB. Charge capacity performance of
LFP//GCF-500 under the current density of 100 mA g‒1. The voltage range is from 1.5 V to 3.7 V.
The specific capacity was based on the anode composite only.

Table 4.1 Theoretical capacities of this series of GCF materials based on Ge content.

Theoretical capacity*
Sample

Ge Content / %
/ mA h g ‒1

GCF-500

40.1

864.5

GCF-800

21.9

640.9

GCF-1050

19.5

611.5

* Theoretical capacity / mA h g-1 =Ge content (%) ×1600 mA h g-1 +Carbon content (%) ×372 mA
h g-1.

Table 4.2 Comparison of recently reported Ge-carbon based materials as anode electrodes. Capacity
based on Ge = Capacity based on composite / Ge content.
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Cycle
number
/N

Capacity
/ mA h
g‒1

Ge
/ wt.
%

Capacity Fading
Retention
rate
/%
/%

Initial
Coulombic
Efficiency
/%

1000

3000

618

40.1

90 0.004

71

96.3 1541.1

4800

500

678

100

80

0.04

84

42.4

Ge NW

200

50

1200

95.7

84

0.32

82

78.4 1253.9

Ge@CC

800

500

1100

95.5

91 0.018

--

72.0 1151.8

Ge films

160

40

~1250

92.0

80

0.5

90

84.9 1358.7

rGO/Ge/rGO

1600

500

1085

86.0

94 0.012

70

78.9 1261.6

Ge particles

160

100

1100

85.0

89

70

80.9 1294.1

Ge/C

800

1000

1232

84.7

99

63

90.9 1454.5

800

1100

888

83.59

--

66.4 1062.3

3D-Ge/C

2000

1000

1216

83.0

70

91.0 1456.1

C-Ge-C

320

120

1184

80.0

95 0.042

70

92.5 1480.0

1000

600

993

80.0

90 0.017

43

77.6 1241.3

1600

1000

1220

73.8

96 0.004

76

103.3 1653.1

800

2000

1042

73.1

83 0.009

61

89.1 1425.4

50

50

940

62.0

52

94.8 1516.1

800

1200

594

50.5

79

73.5 1176.2

1600

500

~600

48.0

61

78.1

Samples

Current
density
/ mA g‒
1

GCF-500

Utilization
ratio of Ge
/%

Based
on Ge
capacity
/ mA h
g‒1 *

Nanoporous
Ge nanowire

678

(NW)

0.11

Sn seed/Ge
80 0.019

NW

Ge/RGO/C

100

Ge@Ndoped
Graphene/NGF
Ge NPs@N
doped C
Ge@C/RGO

~100

Ge@CNFs/3D
Graphene
Ge/N doped C

89 0.022

1250

Table 4.3 Comparison of electrochemical parameters of GCFs. Capacity values and average fadingrate under the current density of 1000 mA g‒1 after thousands of cycles, and corresponding ICE
values of GCF-500, GCF-800, GCF-1050, commercial Ge, and commercial-GeO2 electrodes. The

107

fading rates were calculated as follows: rate = ( (Capacity10th- Capacityfinal charge ) /
Capacity10th) / cycle life×100%.

Sample

Initial charge
capacity
/ mA h g ‒1

Final charge
capacity
/ mA h g ‒1

Cycle life
Number
/N

Average capacity
fading-rate
/%

ICE
/%

GCF-500

805.1

618.3

3000

0.004

70.5

GCF-800

471.2

224.2

1500

0.022

67.8

GCF-1050

415.4

208.9

1500

0.021

66.4

975.8

20.3

1000

0.097

596.8

43.4

1000

0.093

Ge-

78.4

commercial
GeO2-

30.6

commercial

4.4 Conclusion
Our designed strategy for constructing the germanium-carbon frameworks with attractive micronanostructures presented in this work is controllable, scalable and easily reproducible. The
straightforward thermal treatment protocol of metal-organic compounds could be extended for the
fabrication of an extensive series of other metal-carbon framework with tunable micronanostructures and high performance. Based on our obtained results, the sealed system design plays
a crucial role in wisely governing the nucleation pathways on the nanoscale. The metal particle size,
carbon graphitization, metallic conductivity, as well as morphology of GCFs can be regulated by
flexibly controlling the reaction temperature to meet our different requirements on energy storage
and conversion applications. From our understanding of the mechanism for the thermal behaviour,
a continuous three-stage mode can be induced into this closed vacuumed system, which the critical
step was demonstrated to be the nucleation of new species in the reaction resulting from the
decomposition of TPG.

In our case, the smart design of the hierarchical micro-nanostructured Ge-carbon framework could
allow it to effectively inherit the advantages of both microsized and nanosized structures thus fully
tackling most of the issues involved in Ge-anodes. Specifically, the unique design possesses
multiple structural advantages: 1. the primary Ge nanoparticles can maximize the utilization of Ge
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atomics and relieve the induced internal strain during cycling; 2. the closely packed secondary GeC hybrid nanoparticles could improve the tap density and prevent the aggregation of Ge
nanoparticles; 3. the conformable and isolated encapsulation of carbon layer will accommodate the
huge volume exchange of Ge and offer high electrical conductivity; 4. the microsized interconnected
carbon shell completely covered the entire Ge-C hybrid nanoparticles could stabilize the SEI film
and improve the columbic efficiency of the electrode.

In summary, a multi-functional hierarchical micro-nanostructured germanium-carbon framework
(GCF-500) has been successfully synthesized by a facile and controllable nucleation-regulating
strategy. Benefiting from its unique structural features, the constructed GCF-500 electrode exhibited
remarkable Li-ion storage properties, such as fast rate capability, high reversible capacity, and ultralong cyclability. Notably, the achieved ultra-long cycling stability significantly surpass that of other
Ge-C anodes. More impressively, the configuration of the full cell with GCF-500 anode and LFP
cathode also exhibited superior electrochemical performance under higher current density. From a
practical application point of view, the acceptable amount usage of Ge metal with ultra-high
utilization ratio (96.3%), superior cyclability of Ge (3000 cycles), and stabilized capacity output for
successful operation are primary requirements to allow high energy/power densities of Li-ion
batteries. In this regard, it is believed that the hierarchical micro-nano structures reported here might
re-establish Ge as promising anode materials for high-energy lithium-ion batteries
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CHAPTER 5 DEFECT ENGINEERING OF THE
POTASSIUM NIOBATE FOR LITHIUM ION STORAGE
5.1 Introduction
The discoveries of a wide range of remarkable behaviors (in optical, thermal, mechanical, and
electrical properties) in various materials have particularly attracted the world’s attention to their
synthesis and characterization. Engineering structural defects, including point defects, grain
boundaries, and edges, have recently been regarded as instrumental in controlling these behaviors.[1,
2]

For instance, the presence of oxygen vacancies has a significant influence on the electrical

resistance and charge carrier generation in metal-insulator transition and thermoelectric materials
.[3, 4] Effective engineering of the concentration of surface defects in catalysts can have a positive
influence on the trapping of photogenerated electrons and gradually modify adsorption energy
barriers.[5, 6] In particular, the existence of defects is able to not only markedly alter the electronic
structure of electrode materials, but also enhance the kinetics for mobility and diffusion of relevant
heteroatoms such as alkali metal ions,[7-9] thus affecting the intrinsic energetics for electronic/ion
transport in alkali ion batteries. The existence of topological defects (such as dislocations) can
further trigger changes in terms of relieving strain during phase transitions of electrodes during
lithiation at the electrode/electrolyte interface while preserving the integrity of the electrode surface
structures in lithium ion batteries.[10] As a result, the capacity, rate performance, and cyclability will
be dramatically influenced;[11] however, as far as we know, relevant studies on potassium niobate
are currently lacking. Such findings would be of great interest and relevance to the development of
large-scale energy storage devices.

Potassium niobates are fascinating due to their wide ranges of composition and structure, and they
have exhibited superior performance in many fields, such as catalysis, [12] sensors,[13]
supercapacitors,[14] and solar cells.[15] Additionally, the valence diversity of niobium can provide
enhanced capacity compared to the traditional carbonaceous materials when used in the battery field.
More interestingly, their superior pseudocapacitor performance can lead to exhibit excellent rate
performance.[16] Their inferior conductivity as an intrinsic drawback of potassium niobate, however,
that should be further improved for satisfactory application in LIBs.

Two-dimensional (2D) materials possess the advantages of easily tunable structure for
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discovering advanced electrode materials, in such aspects as expanded interlayer spaces, fast
interfacial charge transfer, and tunable electronic properties, leading to improved electrochemical
performance in alkali metal storage.[17] In particular, their open surfaces potentially offer tempting
opportunities to shorten ionic/electronic transport paths, while the atomic defects induced by oxygen
vacancies or intercalated molecules typically trigger unexpected changes in their electronic states
and degree of lattice distortion, consequently manipulating their rate capability and cyclability.
More importantly, only subtle defects will provide those changes owing to their extremely high
surface atomic exposure, which could guarantee the whole integrity of the lattice to allow the
establishment of clear structure-performance relationships. Inspired by the above insights, rational
construction of defects in transition-metal oxides has been considered as a valid strategy to
systematically optimize their electronic structures and alkali ions dynamics for adequately
promoting electrochemical activity.

Herein, by taking layered potassium niobate (K4Nb6O17) nanosheets as an example, the
incorporation of oxygen vacancies, which are induced by a controllable treatment in a reductive
atmosphere, is first presented as a prototype to discuss its influence on Li ion storage performance.
Unlike the traditional liquid exfoliation and chemical vapor deposition (CVD) methods, our feasible
protocol excludes the impact of surface contamination of organic solvents, providing a reliable
platform to investigate the relationship between the structure and the electrochemical performance.
In this contribution, the structural features of K4Nb6O17 are revealed by X-ray photoelectron
spectroscopy (XPS) and electron paramagnetic resonance (EPR). Compared to the pristine
K4Nb6O17, its defect-rich K4Nb6O17-x counterpart could deliver enhanced electronic conductivity
and ion diffusion kinetics, which were investigated by the galvanostatic intermittent titration
technique (GITT), identifying its high-rate capability and cyclability in Li ion batteries. This work
paves the way to achieving a powerful multiscale coordinated strategy for designing advanced
electrode materials for alkali metal energy storage.

5.2 Experimental details
5.2.1 Synthesis of potassium niobium:
The potassium niobium oxide was prepared by a homogeneous precipitation method. In a typical
synthesis process, a mixture of 0.4 g niobium oxide powder (Sigma-Aldrich) was first dissolved in
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40 mL of 3 M potassium hydroxide solution under magnetic stirring for 120 minutes. Then, the
above solution was transferred to a sealed autoclave, which was kept in an oven at 180 °C for 10 h
until a clear solution was obtained. After the autoclave was cooled down to room temperature, 3 g
urea was slowly added into the solution with vigorous stirring for 30 minutes, then the concentration
of potassium hydroxide solution was adjusted to 1.5 M by deionized water. Subsequently, the
solution was transferred to a sealed autoclave and kept in an oven at 200 °C for 24 h. The product
was finally obtained by centrifugation, washing several times in de-ionized water and ethanol. The
resultant material was dried at 70 °C for 12 h, yielding the pristine potassium niobium oxide (KNO)
nanosheet.

An appropriate amount of KNO was then treated under 300 degrees at a ramping rate of 10 °C
min−1 and kept at each target temperature for 1 h under H2 (5 v%) /Ar (95 v%) to acquire the
K4Nb6O17-x samples (defective KNO).

5.2.2 Materials characterization:
The crystalline structure of the obtained materials was checked by X-ray diffraction (XRD,
PANalytical diffractometer) with Cu Kα radiation at a scanning rate of 1° min −1. X-ray
photoelectron spectroscopy (XPS) was investigated on a VG Multilab 2000 (VG Inc.) photoelectron
spectrometer using monochromatic Al Kα radiation under vacuum at 2 × 10 −6 Pa. The morphologies
of the as-prepared products and after-cycling were observed by field emission scanning electron
microscopy (FESEM, JEOL JSM-7500FA) and scanning transmission electron microscope (STEM,
JEOL JEM-ARM200F), along with EDX mapping. All of the binding energies were referenced to
the C 1s peak at 284.8 eV of the surface adventitious carbon. Raman analysis was performed with
a JobinYvon HR800 Raman spectrometer. Continuous-wave electron paramagnetic resonance
(EPR) experiments were conducted by a Bruker ELEXSYS E580 spectrometer operating in the Xband (9.4 GHz) mode and equipped with an Oxford CF935 helium flow cryostat with an ITC-5025
temperature controller.

5.2.3 Electrochemical Tests:
The electrochemical tests were conducted using CR 2032 coin-type cells. All working electrodes
were prepared by mixing the obtained materials, Super P, carboxymethylcellulose (CMC), and poly
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(acrylic acid) (PAA) in a weight ratio of 80:10:5:5. The resultant slurry was pasted on Cu foil and
dried at 150 °C for 3 h in a vacuum, followed by pressing at 100 kg/cm2. The weight of the materials
on individual electrodes was about 0.8–1.2 mg cm−2. Electrochemical measurements were carried
out using two electrode coin cells with Li metal as a counter and a reference electrode and Celgard
(product 2400) film as the separator. The electrolyte consisted of a solution of 1 M LiPF 6 in ethylene
carbonate/dimethyl carbonate/ethyl methyl carbonate (1:1:1; v/v/v) with 5 wt. % fluoroethylene
carbonate. Electrochemical impedance spectroscopy and cyclic voltammetry were conducted on a
VMP-3 electrochemical workstation at a scan rate of 0.1 mV s −1. The cells were galvanostatically
charged/discharged in the voltage range of 0.01–3.0 V versus Li/Li+ at different current densities on
a NEWARE battery tester.

5.3 Results and discussion
5.3.1 Materials synthesis and characterisation

Figure 5.1 Structure and morphology evolution of pristine KNO nanosheets. a)-b) XRD patterns
and c) Raman spectra of KNO obtained under different hydrothermal reaction times from 4 hours
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to 24 hours at 200 °C. Representative scanning electron microscope (SEM) images of the KNO
nanosheets collected at 200 °C after d) 4 h, e) 8 h, f) 12 h, g) 16 h, h) 20 h, and i) 24 h.

The defect-rich K4Nb6O17 (KNO/300) was successfully prepared by a facile hydrothermal route
from a mixture of potassium hydroxide (KOH), niobium oxide (Nb 2O5), and urea. The synthetic
process for KNO/300 can be generally separated into two steps: Firstly, the pristine K 4Nb6O17
(KNO) material was initially prepared via a one-pot solvothermal treatment of the precursor solution
at 200°C for 24 hours. Afterward, the K4Nb6O17/300 composite was finally collected after thermal
treatment of the mixture at 300°C for one hour in Ar/H 2 gas.

The time effects on the structure and morphology of the pristine KNO nanosheets during the
hydrothermal process are shown in Figure 5.1. In a series of experiments, the temperature was kept
at a constant 200 °C while the reaction time was varied from 4 h to 24 h. As indicated by the typical
XRD patterns of KNO (Figure 5.1a), all the diffraction peaks can be indexed to orthorhombic
K4Nb6O17 (JCPDS #04-010-2507), which consists primarily of edge- and corner-sharing NbO6 units
that form a two-dimensional layered structure via bridging oxygen atoms. The K ions are located
between the layers to compensate for the negative charges of the layers. The gradually increasing
intensity ratio between the peaks reflecting the (040) and (002) planes (I040 and I002) from KNO-4H
(H stands for treated hour, 1.4) to KNO-24H (3.0) indicates that the spontaneous growth took place
with a high b-axis orientation, as indicated by the large contribution of the (040) reflection. [18] It is
generally believed that KNO is easily hydrated in a water solution. Although a very slight movement
can be found in the peak for the corresponding (040) planes from 4 (located at 8.17° with d spacing
of 10.7 Å) to 24 hours (located at 8.0° with d-spacing of 10.9 Å), a time effect on the structure
cannot be identified from the XRD results (Figure 5.1b).
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Figure 5.2 a) XRD pattern of defective KNO and KNO. b) Raman shift of the defective KNO and
KNO samples. c) EPR spectrum of the defective KNO and KNO. d) Nb 3d spectrum of the defective
KNO and KNO obtained from the XPS.

To further determine the correlation between time and structural order, Raman spectroscopy was
applied, as is clearly shown in Figure 5.1c. All the Raman spectra are very similar, thus confirming
the homogeneity of the proposed KNO samples.[19,

20]

K4Nb6O17 is known as a typical two-

dimensional material consisting of octahedral units of NbO6 (Figure 5.1). The vibrational spectra of
octahedral NbO6 are dominated by assorted bands that can be attributed to internal vibrational modes
of distorted NbO6 in the range of 200-1000 cm−1. Generally, three dominant peaks can be classified
as follows at: i) 950–800 cm−1, which is assigned to the Nb=O terminal stretching mode of highly
distorted NbO6 octahedra; ii) 700–450 cm−1, which is attributed to stretching of edge-sharing
octahedral Nb-O with negligible distortion; and iii) 300–200 cm−1, which can be indexed to the
bending modes of the Nb-O-Nb linkages.[20, 21] As indicated in Figure 5.1c, the intensity of the peak
located at 900 cm−1 is much higher than that at 650 cm−1 (I650/I900 = 0.33), indicating that spectrum
of the pristine KNO consists of a large contribution of highly distorted NbO 6 units. The high degree
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of distortion is primarily due to the presence of NbO6, where Nb5+ is in the highest oxidation state
and violates Pauling’s electrostatic valence rule.[19] As a result, it is likely linked by edge- or cornersharing with high distortion in these atomic arrangements due to small ionic size of Nb5+. What is
more, by providing O2− as part of the octahedral Nb-O network from the water solution, a larger
degree of distortion will be induced in the NbO6 unit, and H+ acidic sites can finally be formed and
incorporated into the structure to develop Nb=O---H bonds. As a result, the pristine KNO will have
a rigid structure with ordered Nb-O bonds, as previously reported [20, 22]

Figure 5.3 Survey of the XPS spectrum. a) defective KNO. b) pristine KNO. O 1s spectrum of c)
the defective KNO and d) KNO obtained from the XPS.

The morphologies of the as-synthesized KNO products gradually changed with increasing
reaction time, strongly providing evidence for the growth along the b-axis orientation, as indicated
by XRD in Figure 5.1d-i. After reaction for 4 hours in the hydrothermal solution, an abundance of
nanospheres 300–500 nm in diameter that contained various anchored sheets tens of nanometers in
size were successfully obtained (Figure 5.1d). As the reaction proceeded, however, broad, loose,
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and thin nanosheet-like structures were the dominant features, indicating the successful formation
of two-dimensional KNO nanostructures (Figure 5.1g-i), which is in accordance with the previous
discussions on the XRD and Raman results. In short, these data clearly indicate how the reaction
time could have an influence on the structure and morphology of the final product.

The synthesis procedure and morphology evolution were first examined by XRD and scanning
electron microscopy (SEM), as shown in the Figure 5.1. In addition, Figure 5.2a presents typical
XRD patterns of the obtained KNO. Distinct (0 4 0) reflection peaks were observed at around 10°,
which were shifted to a higher angle after the thermal treatment at 623 K, combined with a decreased
peak intensity, which are ascribed to the existence of defects.[7] To further understand the structural
variation, Raman spectroscopy was applied, as shown in Figure 5.2b. Two characteristic NbO6
bands were visible at around 900 and 650 cm−1, respectively. The intensity ratio (I900/I650) of 0.1 in
the defective KNO strongly indicates correlation with a large number of disordered bonds in NbO6
octahedra due to the existence of oxygen deficiency in the defective KNO. The low crystallinity of
the defective KNO is further supported by Raman spectra. In order to further confirm the presence
of the oxygen vacancies in the sample, electron paramagnetic resonance (EPR) measurements and
X‐ray photoelectron spectroscopy (XPS) were conducted to investigate its surface and physical
properties. The appearance of a sharp intense peak in the defective KNO at around 3500 Gauss can
be ascribed to the oxygen vacancies, which may due to single electrons trapped on the oxygen
vacancy states in the EPR spectra (Figure 5.2c).[23] The chemical surroundings of those samples
were examined using the XPS technique. All binding energies derived from the samples were
initially calibrated with respect to the C 1s peak from the absorbed species at 284.8 eV. The survey
spectrum indicates XPS peaks for K 2p, C 1s, Nb 3d, and O 1s, which further confirms the successful
formation of KNO (Figure 5.3). In the case of Nb 3d (Figure 5.2d), the high-resolution spectrum
was fitted by using CaseXPS software.[24] The deconvolved shoulder peaks associated with Nb 3d5/2
and Nb 3d3/2 emerge at corresponding binding energies in pure KNO. In contrast to the spectrum of
the pure sample, two asymmetric peaks of Nb 3d are shifted to the lower binding energy in the
defective KNO, signifying the
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Figure 5.4 Morphology understand of defective KNO and pure KNO samples. a) Typical SEM
image of pure KNO. b) Representative SEM image of defective KNO. c) TEM image of pure KNO.
d) TEM image of defective KNO with different magnification. e) The HAADF-STEM image of d.
f)-i) STEM image of defective KNO and its corresponding mapping image.

different electronic states of Nb in the modified sample owing to the introduction of oxygen
vacancies. Moreover, this can be attributed to the rearranged and unsaturated states of the surface
Nb and O atoms, resulting in an imbalance in the charge distribution. In addition, two O 1s peaks
located at 529.8 and 533.3 eV were observed for both samples, which are attributed to the lattice
oxygen and near‐surface oxygen, respectively (Figure 5.3c and d). The peak located at 531.7 eV can
be attributed to the oxygen vacancies.[7] Therefore, based on the above discussion, oxygen vacancies
have been introduced into the pure KNO, which can improve the charge transfer and rate
performance in batteries.
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The morphology of these samples were further examined by the typical SEM and transmission
electron microscope (TEM) observations, as is clearly shown in Figure 5.4. Figure 5.4a and 5.4b
respectively show representative SEM images, which provide a lateral view of a nanosheet and
reveals the well‐defined layer‐like architecture with a thickness of several nanometers. Meanwhile,
the general TEM and high‐resolution TEM (HRTEM) images (Figure 5.4c and 5.4d) further reveals
the sheet morphology. Interestingly, some structural defects/disorder are observed around the
examined surfaces of the nanosheets (Figure 5.4d), which might affect the electronic structure of
the material, thus, in turn, tailoring its electrochemical properties. [23] More importantly, the lateral
high‐angle annular dark‐field scanning transmission electron microscope (HAADF‐STEM) image
(Figure 5.4e) further reveals the presence of oxygen vacancies in the defective KNO sheets.
Furthermore, elemental mapping (Figure 5.4f–i) indicates that Nb, K, and O coexist and are
distributed uniformly in the defective KNO nanosheets. The corresponding STEM image and
element distribution of pure KNO are also illustrated in Figure 5.5.

Figure 5.5 Morphology understand of defective KNO. a)-e) STEM image of pure KNO and its
corresponding mapping image. f) Element distributions of the K, Nb, O acquired from the defective
KNO.

In short, we have already clarified that oxygen defects were introduced into the pure KNO
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materials from the XRD pattern, Raman shifts, XPS, EPR, and our understanding of the
morphology. The incorporated oxygen vacancies with the two-dimensional KNO nanosheets will
greatly improve the charge transfer and kinetics when they are applied in the energy storage system.

5.3.2 Electrochemical performance test
To demonstrate the benefits of the proposed materials, the electrochemical performance were
initially characterized with a view to their use as anodes for LIBs. Figure 5.6a shows the cyclic
voltammetry (CV) curves of defective KNO at a scan rate of 0.1 mV s−1 in the voltage range of 0.013.0 V versus Li+/Li. During the initial negative scan, an irreversible strong peak appears at 0.46 V
and disappears in the following scans, corresponding to the formation of a solid-electrolyte
interphase (SEI) film, very similar to what has been previously reported.[25, 26] In addition, two
distinct peaks can be observed at 1.48 V (cathodic sweep) and 1.75 V (anodic sweep), representing
the obvious valence variation from Nb5+ to Nb4+ and the obvious platforms represented by the
charge-discharge plateaus also could confirm that the reaction is reversible (Figure 5.6b).[27, 28] There
is no obvious loss of area in the successive cycles, proving the good cycling

Figure 5.6 Electrochemical characterization of anodes for Lithium ion battery. a) CV curves for the
first three cycles of defective KNO electrode at a scanning rate of 0.1 mV s−1. b) Voltage-capacity
profiles for defective KNO plotted for the 2nd, 50th, and 50th cycles at a current density of 0.3 C.
c) Cycling performance acquired under a current density of 0.3 C. The coulombic efficiency is only
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plotted for defective KNO. d) Rate capabilities of defective KNO and pure KNO anodes. e) Cycling
stability over ultra-long 2000 galvanostatic cycles of the defective KNO anode under the current
density of 6 C.

stability of the composite. In comparison, pristine KNO anode shows a higher redox polarization
and lower intensity of the redox peaks than in KNO/rGO anode (Figure 5.7a). In the first cycle of
defective KNO, the discharge-charge capacities are 781.2 and 469.6 mAh g−1, respectively,
corresponding to an initial Coulombic efficiency (ICE) of 60.1%. This may be partly attributed to
the presence of defects in the composite and the distortion of the unique 2D structure of KNO. In
contrast, the pure KNO electrode shows a lower first-cycle reversible capacity of 399.0 mAh g−1,
suggestive of the inferior ICE value of 58.0% (Figure 5.7b). Even after a continuous 50 cycles
(Figure 5.6c), the charge capacity of the defective KNO anode was still stabilized at 332.7 mAh g−1,
delivering the capacity retention of 97 % of the fifth cycle capacity. These results are in apparent
contrast to the pure KNO, which indicate capacity decay as the cycling progresses. Additionally,
the defective KNO was capable of fast charge and discharge under various current densities. It was
able to deliver a higher capacity of around 100 mAh g−1 at a specific current as large as 30 C (Figure
5.6d), which is significantly higher than for its pure KNO counterpart. Moreover, excellent capacity
retention was also recorded after cycling at 6 C for thousands of cycles, which indicates a much
higher and more stable capacity output for the defective KNO.

Figure 5.7 Electrochemical characterization of anodes for Lithium ion battery. a) CV curves for the
first three cycles of pure KNO electrode at a scanning rate of 0.1 mV s−1. b) Voltage-capacity profiles
for pure KNO plotted for the 2nd, 35th, and 50th cycles at a current density of 0.3 C.
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The successful formation of the defective KNO structures allows faster Li+ diffusion, resulting in
alleviated polarization and enhanced electronic/ionic transport, which enhances the interfacial
dynamics and consequently improves the high-rate performance of the defect-rich KNO electrode.
Taking into consideration the excellent electrochemical performance of defective KNO anode, in
terms of its long-term durability, lower voltage output, and high-rate capability, this could be a
promising anode material to meet the practical requirements for electronics and device applications.

5.4 Conclusion
In conclusion, the defective KNO nanosheets with exposed oxygen defects have been fabricated
by the hydrothermal method. The combined experiments and electrochemical performances
demonstrate that the construction of oxygen vacancies can effectively influence the charge transfer
and kinetics. This kind of design strategy can provide a new avenue for the fabrication of promising
electrode materials for application in lithium ion batteries.
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CHAPTER 6 DEHYDRATION-TRIGGERED IONIC
CHANNEL ENGINEERING IN POTASSIUM NIOBATE
FOR LI / K ION STORAGE
6.1 Introduction
Engineering structures at the atomic level, including grain boundaries, edges, and point
defects, has aroused renewed interest recently as the pivotal strategy for directing their
physicochemical behaviors, [1,

2]

in several ways that are particularly desirable for

electrochemical ions storage relying on reversible ionic (de)intercalation of metal ions, such
as Li+,[3] Na+,[4] Mg2+,[5] Zn2+,[6] etc. In the ionic batteries, this involves the shuttling and
storage of ions between two electrodes, coupled with the flow of electrons in an external
circuit. Therefore, efficiently delivering sufficient numbers of ions through ionic channels in
the electrode is the main factor needed to achieve elevated energy density under a high
current rate.[7] To address the charge transport limitations of electrodes, constructing
interconnected ionic channels can offer highly efficient charge delivery. [8] Meanwhile, the
introduction of tailoring materials at the atomic level is more effective and does no t require
sacrificing the energy density of the electrode. [9, 10] Recently, studies have reported the inner
channel for ionic transport in materials and the external ionic diffusion from the electrolyte
to the channels are two main factors influencing the ionic kinetics. [11] Regulating the
channels in the electrodes will promote the mobility and diffusion kinetics of exotic ions. [12]
For example, graphite, the commercialized anode for lithium ion batteries (LIBs), has shown
an inferior capacity when being utilized for sodium ion batteries due to the insufficient
interlayer spacing and unaffordable energy barrier for intercalation/extraction of Na + ions.[13]
In contrast, expanded graphite with a wider atomic interlayer spacing shows improved
capability for Na + storage.[14]

A “blended cocktail strategy” with precise control and construction of high electronic
conductivity and interconnected ionic channels may hold the key to optimizing the energy
performance of batteries. Currently, most of the primary investigation of other types of metal
ion batteries have investigated replacements from previously successful electrodes in LIBs,
including carbonaceous materials, [15,

16]

128

alloy based compounds, [17] and sulfides.[18]

Interestingly, a recent work reported that niobium based electrode materials possessing
fascinating properties, such as an intercalation-type mechanism, rich redox chemistry, and
achievable scalability at a practical level, have been identified as ideal candidates for
rechargeable metal ion batteries. [19] Moreover, a higher working voltage (above 1.0 V vs
Li+/Li) compared to graphite can restrain electrolyte decomposition and dendrites formation,
ensuring the safety of batteries. [20] Octahedral subunits in the crystal structure linked through
edge- and/or corner-sharing type arrangements guarantee excellent structural stability. [21]
Nevertheless, the fine structure of niobium based anodes for LIBs needs to be readjusted
when they are applied in other battery technologies, due to the changes in diffusion properties
or interfacial compatibility. Engineering niobium based anodes that possess excellent
electronic and superior ionic conductivities is a highly at-tractive strategy, which can be
possibly achieved by lattice rearrangement at the atomic level.

To this end, by taking layered potassium niobate (K 4Nb6O17, KNO) as a model, recruiting
crystal water to force the ionic channels to undergo a lattice structure transition, is first
presented and designed for both Li and K ion storage. The constructed hierarchical ionic
pathways are beneficial to synergistically endow the electrodes with quick ion transfer by
virtue of expanded lattice spacing and in-plane/interlamination channels. A reduced transfer
kinetics barrier, increased ion diffusion paths, and reduced energy gap in the engineered
KNO could be achieved via fine atomic rearrangement. As a consequence, the engineered
KNO can provide ionic diffusion coefficients that are an order of magnitude higher, three
times higher capacity output, and extended cycle life compared to pristine KNO. Our work
opens a new avenue for the design of electrode materials with excellent charge transfer
parameters via dehydration for energy storage and conversion applications.

6.2 Experimental details
6.2.1 Synthesis of potassium niobium oxide
The potassium niobium oxide was prepared by a homogeneous precipitation method. In a
typical synthesis process, a mixture of niobium oxide powder (Sigma-Aldrich) dissolved in
3 M potassium hydroxide solution was first magnetically stirred for 120 minutes. Then, the
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above solution was transferred to a sealed autoclave, which was kept in an oven at 180 °C
for 10 h until a clear solution was obtained. After the autoclave was cooled down to room
temperature, several grams of urea were slowly added into the solution with vigorous stirring
for another 120 minutes, after which, the concentration of the potassium hydroxide s olution
was adjusted to 0.5 M with deionized water. Subsequently, the solution was transferred to a
sealed autoclave and kept in an oven at 200 °C overnight. The product was finally obtained
by centrifugation, along with washing several times in de-ionized water and ethanol. The
resultant material was dried at 70 °C for 12 h, yielding the pristine potassium niobium oxide
(KNO) nanosheets.

An appropriate amount of KNO was then treated at different temperatures ranging from
200 to 500 degrees, respectively, with a ramping rate of 10 °C min −1 and kept at each target
temperature for 3 h under H 2 (5 vol%) /Ar (95 vol%) to acquire the KNO-200, KNO-300,
KNO-350, and KNO-500 samples.

6.2.2 Synthesis of graphene oxide coated potassium niobium oxide
Graphite oxide, initially prepared by a modified Hummers’ method was dispersed into 20
mL of water. Then, 300 mg of pristine KNO was added with a certain amount of
cetyltrimethylammonium bromide (CTAB) into the above solution. After continuous stirring
for 12 h at 60 °C, the resulting homogeneous aqueous dispersion was lyophilized, followed
by a reduction in a tube furnace at 350 °C for the duration of 3 h under H 2 (5 vol%)/Ar (95
vol%) atmosphere to achieve the KNO/rGO composites.

6.2.3 Materials characterization
The morphologies of the as-prepared products were observed by field emission scanning
electron microscopy (FESEM, JEOL JSM-7500FA) operated at 15 kV and 20 mA. The
details of the crystal structure were further examined by scanning transmission electron
microscope (STEM, JEOL JEM-ARM200F), which was conducted at 200 kV, along with
energy dispersive X-ray spectroscopy (EDX) mapping. The crystalline structure of the
obtained materials was determined by X-ray diffraction (XRD, PANalytical instrument) with
Cu Kα radiation at a scanning rate of 10° min −1.
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X-ray photoelectron spectroscopy (XPS) was conducted on a VG Multilab 2000 (VG Inc.)
photoelectron spectrometer using monochromatic Al Kα radiation under vacuum at 2 × 10 −6
Pa. The data acquisition and analysis were conducted with CasaXPS (Casa Software Ltd.).
All of the binding energies were referenced to the C 1s peak position at 284.8 eV of the
surface

adventitious

carbon.

Synchrotron

X-ray

absorption

spectroscopy

(XAS)

measurements were conducted at the wiggler XAS Beamline (12ID) at the Australian
Synchrotron in Melbourne, by using a set of liquid nitrogen cooled Si (311) monochromator
crystals. The measurements were performed at the Nb K-edge (18.99 keV) in beamline Mode
3 in Hutch B. The data reduction followed standard methods using the ATHENA software
package. Calibrations and structural refinements were carried out using Nb metal as a
reference. First-shell data analyses were performed under the assumption of single scattering,
with error estimations given by the R-factor.

Fourier transform infrared (FT-IR) spectra were obtained on a Shimadzu FTIR Prestige21. Inductively coupled plasma atomic emission spectroscopy (ICP-AES; Thermo
Scientific) analysis was used to determine the contents of potassium, niobium, and carbon in
the KNO based materials. Raman analysis was performed with a JobinYvon HR800 Raman
spectrometer. Continuous-wave electron paramagnetic resonance (EPR) experiments were
conducted on a Bruker ELEXSYS E580 spectrometer operating in the X-band (9.4 GHz)
mode and equipped with an Oxford CF935 helium flow cryostat with an ITC-5025
temperature controller. Thermogravimetric analysis (TGA) was conducted on a Mettler
Toledo TGA/DSC1 analyzer from 50 to 1000 °C in air (20 sccm) with a ramp rate of 5 °C
min−1. Ultraviolet-visible (UV-vis diffuse) reflectance spectra were collected on a Shimadzu
UV-3600 Plus UV-VIS-NIR Spectrophotometer with an integrating sphere.

To break up KNO/rGO and KNO materials to thin nanosheets, the samples were first
dispersed in ethanol and sonicated for 1 h using a horn-probe tip Sonicator (Sonics Vibracell VCX-750W) operating at 25% amplitude and 3 s on and 3 s off pulses while the
dispersion was cooled in an ice bath. The resultant dispersion was then centrifuged for 30
min at 1500 rpm to remove the unexfoliated residue. Those thin nanosheets were then
collected by centrifugation for 15 min at the speed of 12000 rpm, washed, and lyophilized.
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Atomic force microscopy (AFM) was conducted on an Asylum AFM (Oxford Instruments,
United Kingdom).

6.2.4 Electrochemical Tests
The electrochemical tests were conducted using CR 2032 coin-type cells. All working
electrodes were prepared by mixing the obtained materials, Super P, carboxymethyl cellulose
(CMC), and poly (acrylic acid) (PAA) in a weight ratio of 80:10:5:5. The resultant slurry
was pasted on Cu foil and dried at 150 °C for 3 h in a vacuum oven, followed by pressing at
20 kg cm−2. Commercially available H-Nb2O5 purchased from Sigma-Aldrich and
homemade rGO were used in this work without further purification. The mass loading of the
materials on individual electrodes was about 1.0–1.5 mg cm−2. Electrochemical
measurements were carried out using two-electrode coin cells with Li or K metal as counter
or reference electrodes, and Celgard (product 2400) film and Whatman glass fiber film
(GF/D) as the separator for lithium and potassium ion batteries, respectively. The electrolyte
for lithium storage consisted of a solution of 1 M lithium hexafluorophosphate (LiPF 6) in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1; v/v), and for potassium storage the
electrolytes used consisted of solutions of 1.5 M potassium bis(fluoro sulfonyl)imide (KFSI)
in EC/DEC (1:1; v/v), 0.8 M potassium hexafluorophosphate (KPF 6) in EC/DEC(1:1; v/v),
1 M KFSI in propylene carbonate (PC), and 1 M KFSI in dimethyl ether (DME),
respectively. Electrochemical impedance spectroscopy and cyclic voltammetry were
conducted on a VMP-3 electrochemical workstation with a scan rate range from 0.1 mV s −1
to 20 mV s−1. Galvanostatic intermittent titration technique (GITT) tests were also conducted
on an Arbin SCTS battery tester at ambient temperature in the voltage range of 0.01 –2.0 V.
To activate the electrodes, the cells were galvanostatically charged/discharged in the volt age
range of 0.01–2.0 V versus Li/Li+ and K/K+ at different current densities on a Neware battery
tester. Nyquist plots were obtained over the frequency range of 100 kHz to 1 Hz. For the exsitu measurements, the tested electrochemical cells in different states of charge/discharge
were disassembled in an Ar-filled glove box. The electrodes were taken out and rinsed in
anhydrous diethyl carbonate to remove residual salts.

The full-cell was assembled by using perylene-3, 4, 9, 10-tetracarboxylic dianhydride
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(PTCDA) as the cathode and KNO/rGO as the anode. The PTCDA was first annealed at 450
°C for 5 h under Ar with a heating rate of 10 °C min −1, as previously reported, and then the
treated PTCDA was mixed with Super P, CMC, and PAA in a weight ratio of 80:10:5 :5. A
homogeneous slurry was first obtained by using a mixed solution of water and ethanol (4:1,
v/v), then pasted onto carbon-coated aluminum foil, and further placed in a vacuum oven for
3 h at 150 °C. The average areal mass loading on an individual treated PTCDA cathode was
about 2.0-2.5 mg cm−2. The prepotassiated KNO/rGO anode, with a loading of around 0.8
mg cm−2, was obtained by cycling for 10 cycles. The treated PTCDA cathode was also cycled
10 times before being assembled in the full cell for testing in the voltage range of 0.8 to 2.8
V. The separators were glass fiber (Whatman GF/A), and the dosage of 1.5 M KFSI EC/DEC
electrolyte for each coin cell was 50 μL. All capacities were calculated based on the anode
material.

The degree of pseudocapacitive effect can be qualitatively calculated by the relationship
between the measured peak current (i) for an individual peak and the scan rate (v) acquired
from the cyclic voltammetry (CV) curves:

i = kvb (6.1)

where k and b both are constants. The value of b is between 0.5 and 1.0, which is determined
from the slope of the log i versus log v plot. It is well known that for a diffusion-dominated
reaction, b always reaches 0.5, while b is close to 1.0 for a surface capacitance -controlled
process. The contributions to the capacity can be further quantified by the following
equation:

i = k1v + k2 v1/2 (6.2)

where k1v and k2v1/2 represent the pseudocapacitive and diffusion-dominant contributions,
respectively.

For the GITT tests, the anodes were tested after five charge/discharge activation cycles.
The ionic diffusion coefficient (D Li+ or DK+) in the KNO electrodes could be determined by
solving Fick’s second law using the following equations based on the GITT curves, where
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ma is the electrode active mass; M a is the molar mass of the electrode material; V M is the
molar volume of the electrode; S is the geometric area of the electrode; M a/VM is obtained
from the density of the electrode; and L is the average thickness of the electrode. τ is the
period of the pulse.

𝟐
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𝟒
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If the coin cell voltage is linearly proportional to τ 1/2, Equation (6.3) can be further
simplified to the following Equation (6.4):
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6.2.5 Density Functional Theory Calculations
The theoretical calculation were performed via density functional theory plus Hubbard
correction (DFT + U) calculations enabled by VASP code, and the generalized gradient
approximation (GGA) with the Perdew-Burke Ernzerhof (PBE) functional was employed for
the exchange-correlation function. In this part, the projector augmented plane-wave (PAW)
method was used to describe electrons. The kinetic energy cut-off was set at 600 eV. During
the optimization, the force and energy respectively converged to 0.01 eV/Å and 10 -6 eV
/atom, with both the atoms’ positions and the lattice parameters allowed to relax.

To probe the validity of our computational approach, structural optimizations of K 4Nb6O17
were first presented based on the bulk crystal structure that was observed experimentally.
That is, the crystal structure of pristine K 4Nb6O17 is orthorhombic (space group P21nb),
composed of edge- and corner-sharing NbO6 octahedra. The energy barriers for Li or K ion
diffusion in KNO materials were computed with the climbing nudged elastic band (CINEB)
method. For pristine KNO, four typical diffusion paths were considered. Among them, the
“A” site is in the middle of the supercell, while the B and C sites are along the two directions
of the c-axis close to the ab-plane, and the D and E sites are along the two directions of the
b-axis close to the ac-plane.
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6.3 Results and discussion
6.3.1 Materials synthesis and characterisation
The engineered KNO can be facilely achieved through intercalation of water molecules
followed by a dehydration process at a modest temperature. In this route, the interlayer
spacing could be initially expanded by crystal water acting as pillars. After thermal treatment
under mild conditions, hierarchical ionic channels can be thus built up with defects and in plane/interlamination diffusion pathways (Scheme 6.1).

Scheme 6.1 Synthetic route for the engineered KNO via the dehydration process.

It is well known that KNO is easily hydrated with the formula K 4Nb6O17·xH2O (x = 3 or
4.5),[22] which is even easier during the aqueous hydrothermal reaction in our case.
Therefore, to better understand how the intercalated water will induce the structural variation
of the KNO materials, several representative samples obtained by thermal treatment w ere
systematically studied through their XRD patterns, Raman spectra (Figure 6.3b) and FT-IR
spectra.

The acquired pristine KNO powder was first treated in a vacuum oven at 50 °C overnight
to make sure that the surface absorbed water had been removed before XRD investigation.
After heating the pristine KNO at 200 °C (namely, the KNO-200 sample), a pronounced shift
of the (040) facet accompanied by lower peak intensity was detected for KNO-200 from 8.1°
to 9.2° (Figure 6.2a), which is owing to the partial removal of intercalated water under high
temperature (detailed discussion with respect to TGA in connection with Figure 6.6). A quite
similar result was also observed in the sample processed at 350 °C (KNO-350). From the
XRD pattern of KNO-350, a distinct reflection of (040) planes with decreased intensity
appears at 9.8°, indicating that all the intercalated water had been successfully removed at
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350 degrees. In addition, the decreased intensity of the (040) facet is possibly attributable to
the amorphization of the crystalline structure due to the removal of intercalated water. No
other peaks can be identified for other phases, such as the most thermally stable phases of
H-Nb2O5 and T-Nb2O5 (Figure 6.2a). Interestingly, for the KNO-500 sample (obtained at
500 °C), the XRD pattern is slightly different compared to those acquired at 200°C and
350°C. An obvious peak can be found at around 22° in the XRD pattern of KNO-500,
indicating that a phase transition occurred from KNO to possible T-Nb2O5 phase, as reported
in previous works. [23, 24] In comparison, typical crystal structures of H-Nb2 O5, T-Nb2O5,
K4Nb6O17, and K4Nb6O17-x can also be found in Figure 6.4.

Figure 6.2 Structural characterization of KNO nanosheets obtained at different
temperatures. a) XRD patterns obtained for KNO nanosheets at increasing temperature. The
commercial product H-Nb2O5 was initially purchased from Sigma-Aldrich and tested
without further purification. The “*” peaks can be indexed to T-Nb2O5, which indicates the
phase transition in the KNO-500. b) Corresponding FT-IR spectra.

Therefore, the thermal treatment process for KNO should not be as high as 500°C.
Moreover, further noticeable evidence of water removal is provided by the FT-IR results
(Figure 6.2b). The typical vibration modes of isolated water molecules are only well-defined
at around 1600 cm−1 (O-H bending mode) and 3300 cm−1 (O-H stretching mode)
pristine KNO material and KNO-200, although with a weak peak intensity.
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[25]

in the

In summary, by successful removal of the interlayer water molecules at higher
temperature, we may conclude that: i) the XRD pattern will be gradually changed from
crystalline to amorphous. ii) The slightly distorted NbO6 with enlarged Nb-O distances will
be the dominant feature in KNO-350. iii) The shift of Raman peaks to lower wavenumber
from pristine KNO to KNO-350 indicates increased structural flexibility. iv) A much higher
temperature will induce a phase change during the elimination of water.

As displayed in Figure 6.3a, all diffraction peaks of the samples match well with those of
the standard orthorhombic K4Nb6O17 (JCPDS No. 04-010-2507).[23] The observed d040 value
of 10.9 Å can be assigned to the K4Nb6O17·4.5H2O after intercalation of water molecules. [26]
After the dehydration process in the KNO/rGO (detailed in synthesis methods), its peak
intensity is reduced, which indicates the decreased crystallinity of KNO due to the
elimination of intercalated water molecules. [27] Notably, the d040 value of KNO/rGO is 9.0
Å, which is 0.6 Å larger than that of the standard KNO (8.4 Å) (Figure 6.3a), signifying the
enlarged lattice spacing after dehydration compared to that of standard KNO. These
expanded interlayer spaced in KNO/rGO could serve as ionic channels to enable the insertion
of larger cations into the crystal structure. Meanwhile, the structural difference can be further
understood from Raman spectroscopy (Figure 6.3b). Three dominant peaks are present at
around 230, 650, and 900 cm −1, corresponding to the Nb-O-Nb bending, slightly distorted
Nb-O bond stretching of edge-sharing NbO6 octahedra, and terminal highly distorted Nb=O
bond stretching, respectively. In addition, with a higher degree of Nb-O bond order, the bond
lengths will be shortened, and the Raman peaks will shift to higher wavenumbers. [28] In this
work, for pristine KNO, a sharp peak can be found at around 900 cm−1, while the intensity
of this peak is significantly reduced in both KNO-200 (dehydration at 200 degree) and
KNO/rGO. The intensity ratio (I650/I900) between the two peaks at 650 and 900 cm −1 changes
from 0.33 (pristine KNO) to 1.13 (KNO-200) and then to 10.0 (KNO/rGO). The intensity
ratio, which increasingly changes from 0.33 to 10.0 clarifies the dominant contribution of
the slightly distorted bonds at around 650 cm −1, which further indicates that more structural
flexibility could be achieved in KNO/rGO.[27] This phenomenon is well consistent with our
XRD results (Figure 6.2a), that is, lower crystallinity, increased interlayer/atomic distances,
and higher structural flexibility can be achieved via the dehydration process. This flexible
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host will possibly be beneficial to the fast mobility and diffusion kinetics of exotic ions.

Figure 6.3 Characterization of the KNO-based materials. a) XRD patterns; Insets: crystal
structures of the KNO and KNO/rGO viewed along the [040] direction. Green balls indicate
the Nb atoms, purple represents the K atoms, grey-green dots indicate he H atoms, and the
red atoms belong to O element. The pink dots are from the standard XRD pattern of
K4Nb6O17. b) Raman spectra, with the NbO 6 octahedra shown in the insets. The Raman peaks
located at 1331 and 1595 cm -1 can be indexed to rGO. c) Typical SEM image of pristine
KNO. d) HAADF-STEM image and e) its corresponding TEM image of typical KNO/rGO
nanosheets. The green circles in d) indicate porous structures. The clear crystalline plane s
with a d-spacing of 0.33 nm in e) can be ascribed to the (002) planes of KNO (top inset) and
those with 8.9 Å to the (040) planes (bottom inset). f) Typical SAED pattern derived from
KNO/rGO. g) The corresponding elemental mapping images of the selected area outlined in
yellow of image d).
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Figure 6.4 Crystal structures of a) monoclinic H-Nb2O5, b) orthorhombic T-Nb2O5, c) orthorhombic
K4Nb6O17, and d) orthorhombic K4Nb6O17-x with defects. Green: Nb5+; Purple: K+; Red: O2−. The
possible oxygen defect sites are indicated by turquoise circles.

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images in Figures. 6.3c, 6.3d, and 6.5, verify the morphology of abundant nanosheets with
sizes up to several micrometers in KNO/rGO. The lateral size of the constituent nano sheets
is in the range of 100–200 nm (Figure 6.5b). Moreover, the high-resolution TEM (HRTEM)
images (Figure 6.3e, and 6.5d) demonstrate that the layered structure of KNO/rGO with its
porous distribution can be well preserved after thermal treatment. The interatomic distances
of a selected area were determined to be 8.9 and 3.3 Å, standing for the (040) facet and (002)
reflection of the lamellar KNO structure, respectively (Figure 6.3e). This result is also
supported by the selected area electron diffraction (SAED) pattern (Figure 6.3f). In addition,
both typical high-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) images and energy-dispersive X-ray (EDX) analysis of KNO/rGO show
the presence of C, K, Nb, and O elements (Figure 6.3g), demonstrating the uniform
distribution of KNO throughout the whole matrix. The carbon content in KNO/rGO was
determined to be10.1 wt% by thermogravimetric analysis (TGA, Figures. 6.5h and 6.6)
results. Additionally, atomic force microscopy (Figure 6.5f) of those curly nanosheets
indicates that the thickness of the KNO nanosheets is below ten
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Figure 6.5 Morphology characterizations. TEM images of a) KNO/rGO nanosheets and b) pristine
KNO (Inset: HRTEM image). HRTEM images of c) KNO and d) KNO/rGO. e) High angle annular
dark field (HAADF)-STEM image and its corresponding elemental mapping images of pristine
KNO. f) AFM image of the selected area of KNO, broken up by high-energy ultrasonication.
Element distribution images: g) element intensities of KNO/rGO composite and h) ICP results for
KNO/rGO composite; i) element intensities of pristine KNO and j) ICP results for pristine KNO.

nanometers, in good agreement with the previous observations from SEM and HRTEM
images. The N2 adsorption-desorption spectrum of KNO/rGO (Figure 6.7) indicates an
increased surface area and broader mesoporous distributions. From those microscopic and
spectroscopic images, the abundant mesopores around 3.0 nm in size that are well distributed
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on the KNO surface could provide sufficient interlamination pathways for ion transfer. When
combined with the expanded lattice spacing (for the in-plane routes), hierarchical channels
will therefore be constructed with an enriched contact area for ions.

The morphology of the synthesized KNO/rGO and pristine KNO samples were initially
characterized by TEM measurements, as shown in Figure 6.5a and 6.5b, which indicates that the
nanosheets morphology can be well maintained during the thermal treatment. A visible mesoporous
structure can be found in the selected area of pristine KNO, as indicated in the inset image of Figure
6.5b. High-resolution TEM (HRTEM) (Figure 6.5c and 6.5d) further revealed the highly crystalline
nature of the K4Nb6O17 nanosheets. Several of layers can be detected in both pristine KNO and
KNO/rGO. The corresponding energy-dispersive X-ray (EDX) spectroscopy (Figure 6.5e) shows
that the pristine KNO is mainly composed of potassium, niobium, and oxygen elements with
uniform distributions. In order to determine the content of each element, inductively coupled plasma
– optical emission spectroscopy (ICP-OES) analysis was performed. The AFM image further
indicates the nanosheets character of KNO (Figure 6.5f). It indicated the atomic contents of K, Nb,
C, and O for KNO/rGO, further confirming their stoichiometry (Figure. 6.5g-6.5j). No carbon
species can be detected from the EDX spectrum of the pristine KNO (Figure 6.5i and j). The oxygen
content dropped slightly in KNO/rGO compared to that in pristine KNO, which may suggest the
potential formation of oxygen defects.

Figure 6.6 TGA analysis: a) KNO/rGO and b) KNO obtained with a temperature ramp rate
of 5 ℃ min−1 in air atmosphere. From the TGA curve of KNO/rGO in Figure 6.6a, a
noticeable weight loss platform can be clearly observed from 50 ℃ to 107 ℃, corresponding
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to a slight 1.1% weight loss, which is possibly attributable to the elimination of surface
absorbed water (physisorbed water) molecules. In addition, assuming the complete
combustion of the reduced graphene oxide in air, KNO/rGO demonstrates a weight loss of
10.1 % from about 250 ℃ that continues up to 520 ℃, which attributed to the content of
rGO in this composite. In comparison, only one weight loss that starts above 50 ℃ and
finishes at around 248 ℃ is observed for the KNO samples without rGO (Figure 6.6b). In
comparison, for pristine KNO, it can be mainly ascribed to the removal of intercalated water
molecules (chemisorbed water), which is more temperature-resistant than the physisorbed
water molecules due to the chemical bonding.[29] The TGA behavior of pristine KNO is
primarily dominated by the water effect in the range of 50-250 ℃. No apparent weight loss
occurs after 450 degrees, although a phase deformation occurs in this stage from pristine
KNO to niobium oxide. Meanwhile, based on the weight of the surface absorbed water in
pristine KNO, the intercalated water can be estimated to be 8.0%, leaving the chemical
formula of KNO calculated as K 4Nb6O17·4.5H2O, which is in good agreement with the
previous XRD discussion (Figure 6.2).

Figure 6.7 N2 adsorption-desorption isotherms of a) the KNO-based materials, and b) their pore
size distributions. The pore distributions of the KNO based materials were examined by N 2
adsorption/desorption isotherms. Specifically, typical IV-type isotherms with distinct hysteresis
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loops above relative pressure P/P 0 of 0.4 were detected in all of them, as shown in Figure 6.7a,
demonstrating the similar mesoporous structures at those modest thermal-treatment temperatures.
The specific surface area of KNO/rGO was measured to be about 45.9 m2 g−1 from Figure 6.7a,
which is slightly higher than that of the pristine KNO material (33.2 m2 g−1) due to the addition of
rGO. The pore size distributions in KNO-200, KNO-300, KNO-350, and KNO/rGO indicate a
mainly mesoporous composition, illustrating that the porous structure could be well maintained
without much more aggregation during thermal treatment. Moreover, the pore distribution is broader
in KNO-350 and KNO/rGO than that in pristine KNO, demonstrating the multiple porous channels
that can be formed in those two samples.

Figure 6.8 Understanding of the fine structure of the KNO-based materials. a) The corresponding
XPS spectra of Nb 3d for pristine KNO and KNO/rGO. b) XPS spectra of O 1s for the samples. The
new peak located at 531.7 eV reflects the generated oxygen vacancies. c) EPR spectra, where there
is a gradually changing signal from KNO-300 to KNO/rGO, indicating the variable content of
oxygen vacancies in the KNO sheets. d) Normalized XANES Nb K-edge absorption spectra with
enlargement in inset. e) EXAFS spectra of Nb K-edge plotted in R space. f) EXAFS spectra of Nb
K-edge plotted in K space. The shift of Nb-O bonds towards higher bond length, as shown in the
inset, indicates that defect content gradually varied from pristine KNO to KNO/rGO. g) Fitted
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results of pristine KNO and KNO-350 derived from EXAFS data.

The oxidation state and atomic environment have been studied through X-ray
photoelectron spectroscopy (XPS), and the results are shown in Figure 6.8 and Figure 6.9.
Two asymmetric peaks of Nb 3d with the binding energies of 207.1 and 209.8 eV can be
observed for the pristine KNO. [30] In contrast, the lower binding energy values (206.7 and
209.4 eV) (Figure 6.8a) signify that a lower oxidation state existed (eg. Nb4+) in the
KNO/rGO. In addition, two O 1s peaks located at 529.8 and 533.3 eV are found among those
proposed samples (Figure 6.8b), which are respectively attributed to the lattice oxygen and
near-surface absorbed oxygen. [9] An intensive peak appearing at 531.7 eV is attributed to
oxygen defects for the KNO/rGO sample; the larger peak area further indicates a significant
contribution of vacancies compared to the other KNO materials (Table 6.1), which is in
agreement with our previous XRD and Raman results. Electron paramagnetic resonance
(EPR) measurements also confirm these results, showing a characteristic sign al in the
fingerprint area that reveals the presence of isolated oxygen vacancies in these samples,
while no obvious EPR peak can be detected for the pristine KNO sample (Figure 6.8c). This
presence of oxygen vacancies, which leads to change in the electronic structure, can be
further confirmed by the color change from white to pale yellow, as shown in Figure 6.10.
The introduction of anionic vacancies could induce a certain amount of unsaturated states
for the atoms, resulting in the rearrangement of the cationic atoms, and influencing the
electrical conduction. [9] After the vacancies have been introduced into the lattice structure of
pristine KNO, the rich population of electrons near the Fermi level (E f) indicates that better
electronic conductivity can be easily achieved (see detailed density functional theory (DFT)
discussions for Figure 6.11a and 6.11b). At the same time, the bandgap (Eg) of engineered
KNO will thus be reduced, as calculated from the UV-visible diffuse-reflectance
spectroscopy (Figure 6.11c).
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Figure 6.9 XPS spectra a) High‐resolution XPS spectra of corresponding Nb 3d peaks in potassium
niobate samples and commercial H-Nb2O5 product. A noticeable shifting trend in Nb 3d is observed
from the pristine KNO to KNO-500. b) Proposed sites of oxygen vacancy formed during thermal
treatment in NbO6 octahedra.

Figure 6.10 Optical photograph of KNO based materials: Pristine KNO, KNO-200, KNO-300,
KNO-350, and KNO/rGO (from left to right). As indicated in this image, the color of KNO based
materials gradually turned from white to grey, then darker grey, and light yellow for KNO-350,
which indicates that the concentration of oxygen defects has increased. As the color change from
KNO-200 to KNO-300 is not obvious, two possible reasons will be proposed: i) the amount of Nb 4+
is not large enough to create a visible color. ii) The unpaired electrons of Nb4+ will be delocalized
within the Nb-O unit. This can be explained by a shift that occurs in the oxidation state rather than
discrete, Nb4+ signals as we discussed in the XPS results (Figure 6.9 and Figure 6.8).
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Figure 6.11 DFT calculations of the total density of states (TDOS) and partial density of
states (PDOS) profiles for a) pristine K 4 Nb6O17 and b) K4Nb6O17-x. c) UV-vis diffuse
reflectance spectra. To further understand the relationship between the structure and
electronic configurations, first-principles density functional theory (DFT) calculations were
employed, as shown in Figure 6.11. In particular, the partial density of states (PDOS) plots
demonstrate that the O 2p states dominate the valence band, while the Nb 4d states dominate
the conduction band maximum. For pristine K4Nb6O17, the highest occupied states are mostly
composed of O 2p orbitals and Nb 3d orbitals, which are not continuous at the Fermi level
but show an obvious band gap, further indicating its semiconducting nature. [31] In
comparison, the total density of states (DOS) at the Fermi level illustrates that, in the
K4Nb6O17-x lattice type, the conduction band contains a significant hybridization band that is
mainly contributed by the Nb 4d states, giving rise to a much higher DOS of K4Nb6O17 than
that of K4Nb6O17-x at the Fermi level. In line with quantum theory, it is verified that electrons
near the Fermi level make a vital contribution to the current flow under an applied electric
field, that is, the rich population of electrons near the Fermi level of K4Nb6 O17-x indicates
that K4Nb6O17-x may exhibit better electronic conductivity compared with pristine K4 Nb6O17.
This result is in accordance with our former discussion in connection with the XPS data. In
addition, the diffuse reflectance spectra further indicate that the band gap (Eg) has been
reduced from 4.06 to 3.91 eV in KNO-350, indicating enhancement of the electronic
conductivity.
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In order to further understand the local electronic environment of Nb, synchrotron based
X-ray absorption fine structure (XAFS) measurements were conducted. The related X -ray
absorption near-edge spectroscopy (XANES) is shown in Figure 6.8d. In our case, the
absorption edge shows a continuous chemical shift to the low-energy side in the order of
KNO/rGO > KNO-350 > KNO-200 (inset of Figure 6.8d), indicating a slight reduction of
Nb5+ to Nb4+ when compared to the standard references. Information about the structural
parameters and bond distances can be obtained from the extended X-ray absorption fine
structure (EXAFS) data, as shown in Figure 6.8e and 6.8f. As can be seen from the Nb Kedge EXAFS (Figure 6.8e), three peaks that vary in bond length between 0.8 and 2.0 Å
represent the niobium–oxygen bonds. Those peaks can be respectively assigned to the short
edge-sharing octahedral bonds (Nb-O1), and the long edge-sharing and the uniform cornersharing bonds (Nb-O2), as well as the additional longer bonds that arise from the layered
structure along the b-axis (Nb-O3). The peaks located at around 3.0 Å reflect the Nb–Nb
bonds.[32] The bond lengths and related coordination numbers are acquired by using linear
combination fitting, as displayed in Figure 6.12 and Table 6.2. The low R factors (around 2%)
confirm the quality of the fitting. For KNO-350, the corresponding bond lengths of Nb-O
are calculated to be 1.88, 2.03, and 2.19 Å, respectively, with the corresponding coordination
numbers 1.6, 2.0, and 1.2, providing a total value of 4.8. In contrast, for

Figure 6.12 Fitted EXAFS data in K space; the detailed fitting information can be found in Table
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6.2. Generally, the structural parameters, including radial distance and bond distance to
neighbouring atoms can be acquired by fitting of the measured EXAFS spectra through transforming
the normalised oscillatory part of the absorption coefficient to K space and further to Fourier
transform (R) space. Here, Nb K-edge absorption analysis has been carried out for the different
niobium oxide samples. In Figure 6.12, the fitted K range is displayed for each sample with only
the first shell neighbours (1st O-shell) of Nb taken into consideration.

pristine KNO, the radial distances are changed to 1.87, 2.03, and 2.18 Å, respectively,
demonstrating a coordination number of 5.3 in total. The coordination number of Nb-Nb in
KNO-350 is increased from 4.8 (pristine KNO) to 7.6, demonstrating the enhanced formation
of Nb-Nb bonds in KNO-350. The increased coordination number of Nb-Nb indicates its
enhanced metallic nature, which can further improve the conductivity. [33]

6.3.2 Electrochemical performance test

Figure 6.13 Electrochemical characterizations of KNO-based anodes for Lithium/Potassium
ion batteries. a) Cycling performance of LIBs acquired under a current density of 100 mA
g−1. b) Long-term cycling stability for LIBs at a current density of 500 mA g −1. c) Cycling
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performance for potassium ion batteries (PIBs) acquired under a current density of 100 mA
g−1. d) Long cycling stability for PIBs under a current density of 500 mA g −1. Rate
capabilities for e) LIBs and f) PIBs. g) Comparison of recently reported niobium , titanium,
and carbon-based materials in potassium-ion batteries; the specific capacities are based on
Table 6.4. All the coulombic efficiencies are plotted here for KNO/rGO only.

Moreover, the proportion of Nb-O3 bonds is decreased significantly, resulting in possible
dominant sites for vacancy formation (Table 6.2). The reduced bond length for the Nb-Nb
bonds and the increased Nb-O bonds demonstrate that slight deformation has occurred due
to the higher population of oxygen defects (Figure 6.8e). Those quantitative results further
suggest that there are atomic changes during the hydration process. Based on the above
characterizations, it is reasonable to conclude that our “blended cocktail strategy” is a
successful way to dynamic tailor the atomic structure of the KNO material, which can boost
both in-plane and interlamination charge transfer. Those advantages can promote engineered
KNO as a promising candidate for high rate electrodes.

To demonstrate the influence of the designed structures on their electrochemical
properties, electrochemical testing of the KNO/rGO, KNO-350, KNO-200, and pristine
KNO electrodes was systematically conducted (Figure 6.13a-6.13b and Figures 6.14 and 6.15).
As can be seen from Figure 3a, the charge capacity of KNO/rGO anode after 100 cycles in
LIBs is 296.8 mAh g −1, with higher capacity retention when contrasted to the lower 221.7
(pristine KNO), 225.7 (KNO-200), and 253.0 mAh g −1 (KNO-350), respectively. Excellent
capacity output of the KNO/rGO electrode was also recorded when cycled at 500 mA g −1 for
one thousand cycles (Figure 6.13b and Table 6.3), which is significantly superior to the
performances of KNO-350, KNO-200, rGO, and its commercial H-Nb2O5 counter-parts
(Figure 6.14). Furthermore, we applied those KNO materials as alternative anodes in PIBs.
Currently, only a few works based on niobium and titanium anode materials for PIBs have
been reported (Table 6.4).[34, 35] As can be seen from Figure 6.13c, KNO/rGO delivers an initial
reversible capacity of 414.1 mAh g −1 at 100 mA g−1. After 100 continuous cycles, it
maintains capacity of 293.8 mAh g −1 with the average Coulombic efficiency (CE) of 99.72%
after initial activation, showing much higher capacity compared to that of the pristine KNO
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(91.0 mA g−1, K4Nb6O17·4.5H2O). From previous works, it is believed that a certain amount
of crystal water may play a positive role in improving the electrochemical activity and
enhancing the structural stability due to its ability to screen the electrostatic interactions
between exotic alkali ions and the host anions. In our case, however, the preferential
solvation of the K+ ions with water molecules will result in a destructive structure, which
may induce irreversible high local deformations in the crystal structure of the hosts. In
addition, the continuous cycling will also result in deintercalation of water from the host,
leading to side reactions between the active K metal and water.

Figure 6.14 Electrochemical performance of commercial rGO and commercial H-Nb2O5 vs.
Li+/Li. a) Cycling performances under the current density of 100 mA g −1. b) Long-term
cycling performance of commercial H-Nb2O5 acquired under the current density of 500 mA
g−1, and c) rate performances with their corresponding Coulombic efficiencies (blue dots for
rGO only).

Figure 6.15 Coulombic efficiencies of KNO/rGO in different electrolytes acquired under a constant
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current density of 100 mA g−1. The electrolyte in potassium ion batteries (PIBs) plays a fundamental
role in bringing about stable solid-electrolyte interphase (SEI) layer formation and determining the
PIB performance, such as in specific capacity and energy density as well as cycle life. Based on
sophisticated awareness of the research and technology previously developed in LIBs and sodium
ion batteries (SIBs), we selected two kinds of salts (KPF6 and KFSI) along with four typical solvents,
in considering the superior dielectric ingredients of PC, and the high flash and boiling points of EC,
as well as low melting point and good viscosity of DEC. DME was chosen as a representative etherbased solvent that is frequently used in electrolyte. [34] As shown in Figure 6.15, the KNO/rGO
materials exhibited higher initial coulombic efficiency in 1.5 M KFSI in EC/DEC when compared
with the others. This is possibly due to the uniform SEI layer formation during electrochemical
processes.[36] Obviously, owing to the large ionic size and/or weak Lewis acidity of potassium ions,
1 M KPF6 was not able to completely dissolve into EC/DEC, which therefore could not provide
sufficient ionic conductivity during charging and discharging. [34] As a result, it induced a lower
Coulombic output but stabilized cyclability. In addition, the inferior performance in 1 M KFSI/PC
and 1 M KFSI/DME further shows that they are not ideal electrolytes for KNO/rGO when compared
with 1.5 M KFSI EC/DEC, which was speculated here as due to the brittle SEI layer and/or
undesirable side reactions during charge and discharge due to the drastic reaction with K metal.[37]
Therefore, taking into consideration the above parameters, 1.5 M KFSI EC/DEC was chosen as the
suitable electrolyte in half- and full-cell configurations of potassium ion batteries.

To further assess the cycling durability at high current density, KNO based materials were
subjected to long-term cycling, as shown in Figure 6.13d. After a continuous 1000 cycles at
500 mA g−1, 231.1 mAh g−1 could be retained, accompanied by approximately 100%
coulombic efficiency in KNO/rGO, with the lowest capacity fading-rate (0.004%) when
compared to that in KNO-350 (0.012%), KNO-200 (0.035%), and pristine KNO (0.013). In
addition, the outstanding capacity retention of KNO/rGO in PIBs is superior to that for LIBs,
especially under high current density. Indeed, Figure 6.13f demonstrates that the capacities
of KNO/rGO in PIBs at various current densities, ranging from 100 to 5000 mA g −1 are
326.6, 314.7, 290.3, 227.0, 200.0, 175.9, and 149.5 mAh g −1. In particular, nearly 110 mAh
g−1 can be achieved when this material subjected to a specific current as large as 10000 mA
g−1 (several minutes for completed charge and discharge), which exceeds its rate capability
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in LIBs (Figure 6.13e). Commercial H-Nb2O, however, exhibits a significantly inferior
capacity and cycling performance in PIBs, which is different from the stable capacity output
of commercial H-Nb2O5 for LIBs (Figure 6.14, Figure 6.13c and 6.13f).

To gain insight into the relationship between the structures and the electrochemical
capability, cyclic voltammetry curves, electrochemical impedance spectroscopy (EIS),
galvanostatic intermittent titration technique (GITT) tests, ex-situ XRD, and DFT
calculations were conducted, as shown from Figures. 6.16 to 6.19.

Figure 6.16 Electrochemical kinetic analysis of lithium/potassium storage behavior of
anodes. a) Determination of the b-value using the relationship between the peak current and
the scan rate for rGO, KNO/rGO, and pristine KNO. The slope values for rGO, KNO/rGO,
and pristine KNO are 0.97, 0.92, and 0.61, respectively, in LIBs. b) Normalized contribution
percentage of capacitance at various scan rates. c) Determination of the b-value using the
relationship between the peak current and the scan rate: rGO, KNO/rGO, and pristine KNO.
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The slope values for rGO, KNO/rGO, and pristine KNO are 0.88, 0.82, and 0.77, respectively
in PIBs. d) Normalized contribution percentage of capacitance at various scan rates. The
error bars represent the standard deviation of the values. Figure 6.16a presents a plot of log(i)
versus log(ν) from 0.1 to 1.0 mV s −1 for rGO, KNO, and KNO/rGO based on the cathodic
peak derived from CV curves. Whereas a b-value of 0.5 indicates that the current is
controlled by the diffusion process, a value of 1 shows that the current is surface-controlled,
namely, that it involves a pseudocapacitance process. [20] As a result, the higher b value of
the KNO/rGO electrode (0.92 at the cathodic peak) suggests more favorable capacitive
kinetics in LIBs, with 73% capacitive charge contribution, which is much higher than the
49.0 % for the KNO sample (Figure 6.16b). This ratio grows as the scan rate increases and
tends to be stabilized at 85% for KNO/rGO and 63% for pristine KNO at the scan rate of
5.0 mV s−1. Moreover, the noticeable decrease in the slope of the cathodic peak currents
under identical scan rates from KNO/rGO to pristine KNO may arise from the augmented
resistance or diffusion limitations. [38]

Figure 6.17 Nyquist plots in LIBs and PIBs of KNO-based electrodes after three CV scans
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at a rate of 0.1 mV S −1 in a) LIBs and b) in PIBs. c) The fitted equivalent circuit diagram is
presented Figure 6.17c. The resistance is simulated using the equivalent circuit of
RS(Q(RctW)), where RS is the ohmic resistance of the solution and electrodes, R ct is the
charge transfer resistance, Q is the double-layer capacitance, and W represents the Warburg
resistance. d) and e) Fitted values of elements in the circuit diagram from the plots in Figure
6.17a and 6.17b, respectively. The electrochemical impedance spectroscopy (EIS) plots
demonstrates that the KNO/rGO exhibits the lowest resistance among those for KNO
electrodes, further confirming the increased electrochemical conductivity and transfer
kinetics in both Li ion and K ion batteries after introducing the defects into KNO/rGO.

Figure 6.18 Galvanostatic intermittent titration technique (GITT) measurements of KNO
anodes were conducted between 0.01 and 2.0 V versus lithium and potassium ions to
determine the diffusion coefficients, respectively. a) Li + ion diffusion coefficients calculated
from the GITT potential profiles as a function of the depth of discharge (DOD). b) Li + ion
diffusion coefficients as a function of the state of charge (SOC). c) K + ion diffusion
coefficients calculated from the GITT potential profiles as a function of the depth of
discharge. d) K+ ion diffusion coefficients as a function of the state of charge. The specific
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calculation equations can be seen in the methods. e) and f) Comparisons of the diffusion
kinetics of KNO-350 anodes in both Li and K ion batteries. A constant current density was
adopted for a duration f half an hour, followed by a five hours of rest to allow full relaxation
back to its quasi-equilibrium potential. The diffusion coefficients in KNO-based anodes can
be further determined by solving Fick's second law with the specific equations presented in
the Experimental Section. The GITT technique indicates that the diffusion coefficients of
KNO/rGO are nearly one order of magnitude higher than those of its KNO-350, KNO-200,
and KNO counterparts during insertion and extraction processes in both Li and K ion
batteries. The larger diffusion coefficients in the KNO/rGO electrode can be beneficial for
enhancing high-rate performance. Furthermore, the coefficients of K + are higher than those
of Li+ in KNO-350, which results in better transfer kinetics of KNO in PIBs.

Figure 6.19 Structure change of KNO/rGO under the K + (de)intercalation process in the
range of 0.01-2.0V. Ex-situ XRD patterns of the KNO/rGO electrode were collected at
different points during the initial discharge−charge process at 50 mA g −1, with the voltage
profile shown on the right. The “#” indicates the dominant (002) reflection in the XRD
pattern of a piece of KNO/rGO electrode, which is consistent with our previous XRD
discussions. The ex-situ XRD results further confirmed that the reaction mechanism of
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reaction ions within the KNO/rGO composite was of an intercalated pseudocapacitor type
(Figure 6.19). A closer look at the XRD patterns reveals a slight decrease in intensity of the
(002) reflection due to the more amorphous structure from the intercalation of K ions, which
will be revisited later after the de-intercalation of K ions.

As revealed in Figure 6.16a, the slope of the peak intensity (denoted as the b-value) of the
cathodic peak in KNO/rGO for LIBs was calculated to be around 0.92, making it manifest
that the current originates from a pseudocapacitive dominated mechanism. [20] The
quantitatively separated contributions of the capacitive part increased from 64.0 % at 0.5 mV
s−1 (Figure 6.16b) to the maximum value of 85 % at 5.0 mV s −1 in LIBs, which is much
higher than that in pristine KNO (39% and 63%, respectively), demonstrating the increased
pseudocapacitive contribution in KNO/rGO. The corresponding b-value of KNO/rGO for
PIBs is quite similar to that for LIBs (Figure 6.16c), indicating a maximum contribution of
84 % of the capacitive part at 5.0 mV s −1. Moreover, a much lower ohmic resistance value
can be found in KNO/rGO in both LIBs and PIBs (Figure 6.17), suggesting faster electron
charge transfer kinetics, as we discussed in connection with the DOS calculations and diffuse
reflectance spectrum (Figure 6.11). In addition, the quasi-thermodynamic equilibrium
potential and K ion diffusivity coefficients for KNO materials were systematically measured
by using the GITT after five charge/discharge activation cycles. As can be seen from Figure
6.18, the calculated potassium diffusion coefficients, on the order of 10 −8–10−10 cm2 s−1 in
both charge and discharge of KNO-350, are markedly faster than that of the pristine KNO.
More interesting, the diffusion coefficients are one order of magnitude higher than those of
Li+ in both the intercalation/deintercalation processes (Figure 6.18e and 6.18f), which results
in the better transfer kinetics of KNO-350 in PIBs. This indicates the formation of a
favourable structure for K ion insertion/de-insertion in engineered KNO materials, which
can be achieved by our “blended cocktail strategy”.

DFT simulations were conducted to further understand the possible migration pathways
and correlated energy barriers for both Li+ and K+ along different paths in both pristine KNO
and engineered KNO materials (Figure 6.20). For pristine KNO, four typical diffusion paths
were considered, and the related migration paths and corresponding barriers are shown in
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Figure 6.20a and 6.20c. The barrier to transfer from A to D sites is calculated to be 0.27 eV,
whereas the barriers from A to B, C, and E sites are 0.62, 0.43, and 0.29 eV, respectively,
indicating that the K ions migration in pristine KNO is mainly through the interlayer
channels along the reverse direction of the b-axis. In comparison to the pristine

Figure 6.20 Crystal structure, diffusion paths, and corresponding migration energy barriers
calculated by DFT simulations. a) Crystal structure of pristine KNO with representative K
ions intercalated at A, B, C, D, and E sites. b) Crystal structure of engineered KNO and
typical intercalation sites. Purple represents K, blue represents Nb, and red stands for oxygen
atoms. The green circles indicate the vacancy sites. c) Comparison of calculated migration
energy barriers to K+ diffusion through multiple paths in both pristine KNO (green) and
engineered KNO (red). d) Comparison of calculated migration energy barriers to Li +
(yellow) and K+ (red) diffusion along various paths in engineered KNO.

KNO, aided by the expansion of the lattice spacing with vacancies, the engineered KNO (red
lines in Figure 6.20c) shows much lower migration barriers of 0.20 (A to D), 0.28 (A to B),
and 0.43 eV (A to C) along these paths. Interestingly, the most optimized migration path for
K ions is along the b-axis direction with a barrier of only 0.15 eV (A to E), which is
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significantly lower than that in pristine KNO. The much lower energy barriers in engineered
KNO further indicate that the K ions could be transferred along with several directions by
forming interlinked migration paths, which is superior to the unidirectional migration in
pristine KNO. Moreover, to compare the intercalation kinetics of Li and K ions within the
engineered KNO, the Li diffusion barrier was also calculated, as shown by the yellow lines
in Figure 6.20b and 6.20d. Obviously, the corresponding energy barriers of the A-B, A-C,
A-D, and A-E paths in LIBs are 0.73, 1.42, 1.10, and 1.08 eV, respectively, much higher
compared to those in PIBs. The lowest energy barrier for Li diffusion in engineered KNO,
is still much higher than that for K ion migrations, demonstrating its favourable K ion transfer
kinetics. Unlike previous reports that K ions suffer from sluggish diffusion in solid -state
electrode materials, our observations indicate that the engineered KNO exhibits higher K+
diffusion kinetics compared to Li +.

Figure 6.21 Electrolyte optimization of PTCDA cathode. Charge-discharge curves of
PTCDA in different electrolytes: a) 1.5 M KFSI in EC/DEC, b) 1.0 M KFSI in PC, and c)
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1.0 M KFSI in DME. d) Coulombic efficiencies for cycling of PTCDA in various electrolytes
under the current density of 100 mA g -1. From the charge-discharge curves in Figure 6.21, it
is clear that the first cycle is totally different from the following cycles for PTCDA in those
electrolytes, which could be interpreted as a pre-activation process that takes place during
the initial cycle. The capacity and voltage output among carbonate-type and ester-based
electrolytes might be caused by the irreversible phase transformation. [39]

Figure 6.22 Full-cell performance of KNO/rGO. Potassium-ion full-cell electrochemical
performance of KNO/rGO: a) Cycling performance of KNO/rGO in different electrolytes
acquired under a current density of 100 mA g -1. b) Cycling performance of PTCDA in
different electrolytes, acquired under a current density of 100 mA g -1. c) Long-term cycling
performance at 50 mA g -1 for the full cell, a schematic illustration of PTCDA‖KNO/rGO
full-cell configuration (right inset), and a photograph of full-cell (left in-set). This
outstanding performance of the full cell indicates that PTCDA‖ KNO/rGO can serve as a
promising cell for practical application.

The KNO/rGO, due to its structural benefits, kinetics ad-vantages, and physical merits, has
already been demonstrated as a promising anode in a half-cell system, but its practical
application as an anode in PIBs was further evaluated in a full-cell with a perylene-3, 4, 9,
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10-tetracarboxylic dianhydride (PTCDA) cathode. PTCDA was chosen as a suitable cathode
owing to its highly stable capacity output, cost-effectiveness, and interesting voltage
platform in the selected electrolyte range from 1.5V to 3.5V (Figure 6.21).[39] As discussed
in previous works, the electrolyte plays a crucial role in the cathode-electrolyte interphase
(CEI) layer formation and could significantly influence the PIB performance. Therefore, 1.5
M KFSI in EC/DEC was chosen due to its excellent solubility and ionic mobility in both
KNO anode and PTCDA cathode (Figure 6.22a and 6.22b). Two platforms located at 2.1
and 1.5 V can be found in the discharge curves (Figure 6.23) and the full battery exhibits
remarkable cycling stability (Figure 6.22c) with a stable capacity of 192.7 mAh g –1 over 300
continuous cycles, which is highly competitive with currently reported full PIB cells. On the
basis of the electrochemical and theoretical analysis, the strategy of using a dehydration
process for the construction of ionic channels could be an effective way to improve the high
rate performance. The as-designed hierarchical ionic channels could dramatically improve
the charge transfer with reduced energy barriers, which dramatically enhanced the
electrochemical performance not only of LIBs but also of PIB.

Figure 6.23 Charge discharge curves of typical cycles for the full cell PIBs under the current
density of 50 mA g –1. The typical charge-discharge profiles of the full cells show that the
distinct charging plateau was mainly over 1.5 V, and this value could be further enhanced
by optimizing the cathode part, such as by using a high voltage Prussian blue analogue. [40]
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Table 6.1 Fitted XPS results: Nb 3d regions and areas of the O 1s peak at the position for
oxygen vacancies in these materials.

Sample

Nb 3d5/2 peak
region / eV
206.7
206.8
206.9
207.0

Area of O 1s peak in 531.7
eV region /%
37.7
36.3
34.8
32.2

KNO-rGO
KNO-350
KNO-300
KNO-200
Pristine
207.1
18.1
KNO
Commercial207.4
N/A
Nb2O5
Table 6.2 Bond Distances and Coordination Numbers for the Different Niobium Oxides.
Information obtained from EXAFS K and R space transformations with fitting for the first
O-shell.

Sample

KNO/rG
O

KNO350

KNO200

Pristine
KNO

Path
s

R/
Å

N

Ntot

NbO1

1.8
9

1.1

NbO2

2.0
5

2.3

NbO3

2.2
1

1.2

0.0008(0.000
4)

NbNb1

3.3
4

3.6

0.0097(0.002
4)

NbNb2

3.9
4

3.6

0.0097(0.002
4)

NbO1

1.8
8

1.6

0.0009(0.000
5)

NbO2

2.0
3

2.0

NbO3

2.1
9

1.2

0.0009(0.000
5)

NbNb1

3.3
4

3.6

0.0127(0.005
)

NbNb2

3.9
6

4.0

0.0127(0.005
)

NbO1

1.8
9

1.8

0.0013(0.000
6)

NbO2

2.0
3

2.1

NbO3

2.1
7

1.3

NbNb1

3.3
6

3.1

NbNb2

3.9
7

3.4

NbO1

1.8
7

1.8

σ2

al

0.0008(0.000
4)
4.6

5.2

4.8

7.6

5.2

0.0008(0.000
4)

5.3

2.1
%

0.0009(0.000
5)
2.0
%

0.0013(0.000
6)
0.0013(0.000
6)

6.5
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Rfact
or

2.2
%

0.0119(0.004
)
0.0119(0.004
)
0.0010(0.000
5)

1.8
%

Nb foil

NbO2

2.0
3

2.2

0.0010(0.000
5)

NbO3

2.1
8

1.3

0.0010(0.000
5)

NbNb1

3.3
8

2.8

0.0109(0.004
)

NbNb2

3.9
7

2.6

0.0109(0.004
)

NbNb1

8

2.8
6

0.0069(0.000
3)

6

3.2
9

NbNb2

5.4

14

0.7
%

0.0076(0.000
5)

Table 6.3 Comparison of the electrochemical parameters of KNO based materials, rGO, and
commercial Nb2O5 in LIBs and PIBs (red numbers). Capacity values and average fading-rate
under different current densities of 100 and 500 mA g ‒1, and corresponding initial Coulombic
efficiency (ICE) values of KNO/rGO, KNO-350, KNO-200, pristine KNO, rGO, and
commercial-Nb2 O5 electrodes. The fading rates for low current densities were calculated as
follows: rate = [(Capacity1st - Capacityfinal charge ) / Capacity1st] / cycle life × 100%. For
high current density in LIBs, the fading rate was obtained as follows: rate = [ (Capacity20th
- Capacityfinal charge ) / Capacity20th] / cycle life × 100%. For high current density in PIBs,
the fading rate was obtained as follows: rate = [(Capacity 76th- Capacityfinal charge) /
Capacity76th] / cycle life × 100%. * indicates that the fading-rate can be neglected.

Current
Sample

Density
/ mA g ‒1

Initial
charge
capacity

Final charge
capacity
/ mA h g ‒1

/ mA h g ‒1

Cycle life
Number
/N

Average
capacity
fading-rate

ICE
/%

/%

100

438.6

296.8

100

0.323

65.9

500

293.2

208.3

1000

0.013

64.5

100

414.1

293.8

100

0.297

64.9

500

232.4

231.1

1000

--*

65.0

100

382.9

253.0

100

0.339

57.6

500

197.8

174.8

688

0.017

54.8

100

337.1

231.6

100

0.313

56.9

500

194.0

178.8

718

0.012

56.4

100

334.8

225.7

100

0.326

55.8

500

208.3

107.7

688

0.034

52.9

100

285.9

207.3

100

0.275

46.7

500

171.5

130.4

718

0.035

48.5

KNO-rGO

KNO-350

KNO-200
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Pristine
KNO

100

327.3

221.7

100

0.323

57.9

500

147.0

93.0

688

0.037

50.7

100

155.0

91.0

100

0.412

38.5

500

43.4

40.8

718

0.013

41.0

100

445.3

286.8

100

0.356

55.6

100

176.3

165.3

100

0.316

54.0

100

197.9

217.3

100

*

87.6

500

154.1

141.2

200

0.042

80.3

100

23.5

13.4

100

0.316

25.8

rGO
CommercialNb2O5

Table 6.4 Comparison of recently reported Nb, Ti, and C materials as anode electrodes in
potassium ion batteries.

Samples

Current

Cycle

Capacity

Capacity

Initial

density

number

/mA h

Retention

Coulombic

/%

Efficiency

‒1

‒1

/mA g

g

Ref.

/%
Nitrogen/oxygen

50

100

230.6

76.1

25.0

dual-doped hard carbon

1050

1100

~130.0

74.7

--

Hard carbon microspheres

28

100

216.0

83.0

61.8

[42]

50

100

250.0

96.5

63.6

[43]

1000

1000

146.5

70.0

63.6

25

100

248.0

67.4

49.0

500

1000

205.0

~58.5

~50.0

50

100

226.6

--

61.7

1000

2000

108.4

~44.0

--

28

60

340.0

93.7

72.1

280

500

~150.0

75.0

72.1

200

250

~270.0

~54.0

~50.0

3000

1000

~150.0

70.0

--

Graphitic carbon nanocage

56

100

195.0

92.0

40.0

[47]

Necklace-like N-doped

200

1000

225.4

90.0

~20.0

[48]

hollow carbon

1000

1600

161.3

~80.0

~60.0

[41]

Mesoporous carbon

Highly nitrogen doped
carbon nanofibers
Sulfur/oxygen co-doped
porous hard carbon
microspheres

[44]

[45]

[16]

Hollow carbon architecture

Sulfur-grafted hollow
carbon spheres
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[46]

Nitrogen-doped porous
carbon

Oxygen-rich carbon
nanosheets

K2Ti4O9 derived from
MXene

[49]

100

500

384.2

~46.0

48.9

1000

1000

226.1

88.3

--

50

--

369.0

--

19.0

2000

1300

147.0

82.0

~50.0

50

100

92.0

61.0

25.9

200

900

~50.0

51.0

~30.0

20

50

221.7

75.7

~35.0

1000

1000

69.7

~43.0

~75.0

100

--

262.6

--

24.0

2000

700

75.0

~62.0

~30.0

28

200

120.0

~40.0

59.5

[54]

65

100

64.7

69.8

71.0

[55]

400

300

~50.0

61.1

~82.0

50

--

333.0

--

30.0

1500

3500

81.0

77.0

~75.0

100

100

290.9

70.2

64.3

500

1000

231.1

--

65.0

[50]

[51]

[52]

KTi2(PO4)3@C

Ultrathin titanate
nanosheets / graphene
K2Ti6O13

[53]

TiSe2

[56]

Niobium oxide@graphene

K4Nb6O17/rGO

This
work

6.4 Conclusion
In conclusion, engineered KNO nanosheets with designed ionic channels have been
successfully fabricated by a facile method. The combined experimental and theoretical
calculations demonstrate that the construction of hierarchical ionic channels on the atomi c
level can effectively improve the structural flexibility and diffusion barriers, resulting in
improved electronic and ionic kinetics. As a result, the ultra-long cycling stability of KNO
under high current densities in both lithium and potassium ion batteries have been
demonstrated.

Furthermore, the electrolyte exploration in the potassium ion battery indicates the
electrochemical performance of proposed materials can be optimized not only for anode
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materials but also cathode. Some other types of electrolyte, such as water-based or high
concentration candidates should be explored and employed in the potassium storage,
potassium-sulfur, or potassium-gas batteries, in spite of the consideration of salt price and
preparation cost. It should be noted that more efforts are needed to find more suitable cathode
with high-voltage and capacity to satisfy the practical application. Although the state -of-art
Lithium ion battery is commercialized, the fundamental understanding of the new potassium
storage is meaning for to find alternative technology in the energy storage. In this regard,
our design strategy paves a new way to achieve the fabrication of promising electrode
materials, by tuning the microstructures on the atomic-scale for ready uptake of alkali ions
or other ions with a larger radius, so this “blended cocktail strategy” could be extended to
other energy storage and conversion materials in the future.
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CHAPTER 7 CONCLUSIONS AND OUTLOOK
7.1 Conclusion
Searching for suitable electrode candidates to satisfy the requirements of continuous demand of
energy storage are the meaningful and important direction, not only to the tradition lithium storage
but also to sodium or potassium storage. No matter what the electrodes materials are (such as
traditional materials or novel materials), the further optimization on electrolyte, voltage windows,
binder, and corresponding cathodes materials play the significant role in designing the full cells
for the possible practical application. Therefore, both of them are carefully discussed and presented
in the initial part of this thesis. From the conclusion of literature review section, the alloy-type and
transition metal oxides materials are the promising materials for the further study due to their
intriguing physical and chemical properties in the possible application of energy storage systems.
Furthermore, the introduction of some utilized instruments, includes XRD, SEM, STEM, XAS etc.
were presented in the third section of this thesis, which provide sufficient data to be examined and
analysed in the corresponding parts. And the short summary of their mechanisms were still
discussed. Moreover, by using the structural engineering technic, the modified morphology of Gebased electrodes and modified chemical bonds of niobium-based materials were introduced. Their
composition, surface properties, chemical bonds, spectroscopies, electrochemical performance,
full cell performances were demonstrated and provided in each section from chapter 4 to chapter
6:

The rational design of a proper electrode structure with high energy and power densities, long
cycling lifespan, and low cost still remains a significant challenge for developing advanced energy
storage systems. Germanium is a highly promising anode material for high-performance lithium ion
batteries due to its large specific capacity and remarkable rate capability. Nevertheless, poor cycling
stability and high price significantly limit its practical application. For the first work, that is, Gecarbon based materials, we applied a vacuum assisted method to engineer the Ge content,
microstructures, carbon graphitization degree, tap density to modify the utilization ratio of
expensive germanium, optimize the carbon graphitization degree, increase the structural stability.
The detailed discussion on possible growth mechanism of those interesting structures gives the
opportunity to other alloy-type anodes for the improvement of the corresponding parts. From our
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understanding of the mechanism for the thermal behavior, a continuous three-stage mode can be
induced in this closed vacuum system, in which the critical step was demonstrated to be the
nucleation of new species in the reaction resulting from the decomposition of TPG. In addition, our
designed strategy for constructing the germanium-carbon frameworks with attractive micronanostructures that has been presented in the chapter 4 is controllable, scalable and easily
reproducible. The constructed architecture has demonstrated outstanding reversible capacity of
1541.1 mA h g−1 after 3000 cycles at 1000 mA g−1 (with 99.6% capacity retention), markedly
exceeding all the reported Ge–C electrodes regarding long cycling stability. Notably, the assembled
full cell exhibits superior performance as well. The work paves the way to constructing novel metal–
carbon materials with high performance and low cost for energy-related applications.

For the second part in chapter 5, the introduction of oxygen defects have a positive influence on
the improvement of electrochemical performance due to the increased conductivity and kinetics
parameters, which were already certified by the XRD pattern, Raman shift, EPR spectrum, and XPS
spectrum. The defective potassium niobate could provide thousands of cycles under a much higher
rate. This work will spot the light to the chemical engineering on the atomic level of the electrode
materials with inferior properties.

Boosting the charge transfer in materials is critical for applications involving charge carriers.
Engineering the ionic channels in electrode materials can create a skeleton to manipulate their ion
and electron behaviors with favorable parameters to promote the capacity and stability of electrodes.
In the third work, we report tailoring of the atomic structure in layered potassium niobate
(K4Nb6O17) nanosheets and facilitating their application in lithium and potassium storage by
dehydration-triggered lattice rearrangement. The X-ray absorption fine structure spectroscopy and
electron paramagnetic resonance results reveal that the interatomic distances of the Nb-O
coordination in the engineered K4Nb6O17 nanosheets are slightly elongated and their degrees of
disorder is considerably increased. Specifically, the engineered K4Nb6O17 shows enhanced electrical
and ionic conductivity, which could be attributed to the enlarged interlamellar spacing and subtle
distortions in the fine atomic arrangements. Moreover, subsequent experimental results and density
functional theory calculations demonstrate that the energy barrier for Li +/K+ diffusion is
significantly lower than that in pristine K4Nb6O17. Interestingly, the diffusion coefficient of K + is
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one order of magnitude higher than that of Li+, and the engineered K4Nb6O17 presents superior
specific and rate capability for K+ ions to Li+ ions. This work offers an ionic engineering strategy to
enable fast and durable charge transfer in materials, holding great promise for developing batteries
as well as providing guidance for the material design of related energy storage and conversion
systems.

7.2 Outlook
It should be noted that the engineering protocol in tailoring the materials properties is still in its
fancy. The lack of inner mechanism of those methods are still unclear, hence, much more attentions,
novel technics, in situ instruments should be developed with respect to the applied conditions (such
as atmosphere, temperature, time, pH value etc.), designed structures, surface chemistry. For
example, how to observe the morphology change in the vacuum system? How to identify the
formation and disappear of those species?

Secondly, how to decrease the content of noble metal in anodes and cathodes materials is still
difficulty without too much sacrifice of the electrochemical performance. The hybrid materials can
be a good choice, but more problems, such as unmatched voltage windows, the balance of elemental
ratio, huge interface problems should be carefully addressed and understood.

Thirdly, in terms of the full cells, the electrolyte plays a significant role in determining the
electrochemical performance and reaction mechanism. Currently, water-based materials, solid state
electrolyte, and high concentration electrolyte have drawn too much attentions on the lithium ion
battery. Their application in potassium ion battery are still lacking, especially in the field of anode
materials, which with little understanding on the reaction mechanism. Meanwhile, how to further
improve the energy density and power density of water-based and high concentrated electrolyte
systems are the promising fields to be explored.

Fourthly, one main challenge in PIBs, however, is to develop suitable cathode materials to
accommodate the large size of K+ ions with reasonable capacity, voltage, kinetics, cycle life, cost,
etc. Current research interest are mainly based on the redox couple of transition metals such as Fe,
Mn, Co, and V; In addition, various cases such as organic cathodes are also draw much attention to
as cathode materials for PIB. However, reported PIB cathodes based on different redox couples
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show much lower plateaus (such as Fe2+/Fe3+, 3.4 V) with low capacities, which leading inferior
energy density output. As for disadvantages, they should be overcome through material innovations
and explorations.

Lastly, the pouch cell of those materials for practical application is still a huge problem due to the
lack of suitable cathode, electrodes, and craftsmanship, especially for the potassium ion battery as
potassium is more dangerous than the lithium and sodium. Additionally, how to recycle the lithium
and potassium resources are still a good question to the energy storage field. Although some liquid
metal (such as sodium-potassium alloy) can be retracted from the assembly battery by using organic
solutions, the contamination of those alloys and their liquid nature will further generate more
problems for the researchers to solve. No matter what kind of problems are, with continuous efforts
by the researchers all over the world, it is expected that the high performance anode materials and
commercialized full cells with improved performance can be achieved in the near future.
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